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ABSTRACT

Extreme, Positive Geomorphic Change in a Historically Degraded Desert River:
Implications for Imperiled Fishes
by
Tansy T. Remiszewski, Master of Science
Utah State University, 2022

Major Professor: Dr. Phaedra Budy
Department of Watershed Sciences
Global freshwater biodiversity is threatened by a wide array of hydrologic
alterations resulting from increased water demand, land-use alteration and climate
change. In the Upper Colorado River Basin (CRB), many native and endemic fish species
have undergone population declines and localized extirpation due to habitat
fragmentation, large scale dewatering, invasion by nonnative species and the loss of
critical habitat for spawning, rearing and maturation. The primary goal of my study was
to document how extreme, large-scale and natural geomorphic change has led to the
creation of fish habitat and increased habitat resilience in a historically degraded desert
river tributary. In 2010, after the arrival of a channel-blocking sediment plug, a large
reach of the San Rafael River (SRR; tributary to the CRB) began to actively change from
a homogenous single-thread channel to a diverse shallow, multi-threaded channel and
wetland complex. We used drone-collected orthomosaic imagery, ArcGIS and field
surveys to document changes to habitat in this river system, as well as monitored
movement and habitat use by fishes including the native and critically-endangered
bonytail (Gila elegans). We observed that the affected reach of the SRR had undergone
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rapid and complex change, with metrics of habitat diversity increasing by 641% since the
arrival of the 2010 sediment plug. We also observed the wash feature was providing
habitat persistence in the face of drought by retaining water for periods beyond what is
expected during seasonal drying. Based on simulations of habitat selection and electivity
index results, we observed that more than 60% of fish species were selecting for the more
complex habitat created by the wash feature. Additionally, of the 3,546 stocked and
tagged bonytail, we nearly all selected for the diverse habitat created by the wash feature.
Our results suggest large-scale and big disturbance natural events and methods of
restoration have the potential to be highly effective for the creation and maintenance of
fish habitat in highly-degraded desert tributary systems. Additionally, such large-scale
projects have the potential to increase habitat resilience in the face of ever-worsening
drought.
(117 pages)
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PUBLIC ABSTRACT

Extreme, Positive Geomorphic Change in a Historically Degraded Desert River:
Implications for Imperiled Fishes
Tansy T. Remiszewski

Rivers comprise some of the most unique and biodiverse ecosystems on the planet
with their waters supporting both human societies as well as the organisms that make
these rivers their home. Large rivers like the Colorado are often highly regulated and
diverted in order to support human residence in arid regions like the desert Southwest,
and these water diversions often have dramatic, negative impacts on the natural flow
regime of the river. These impacts leave large reaches of the river dry, reduce the river’s
capacity to transport sediment, cause channel and habitat homogenization, and
significantly reduce the amount of suitable habitat available to aquatic organisms. A
reduction in critical habitat has, in particular, led to the population reduction, localized
extinction and federal listing of many native fish species. The San Rafael River in southcentral Utah is a highly-degraded tributary of the Upper Colorado River Basin, and has
historically provided critical spawning, rearing and resting habitat for native and endemic
fish species. A 2010 flooding event caused an otherwise narrow, homogenous and
degraded reach of the San Rafael to change into a wide, diverse, multi-threaded river
system and wetland complex. We used drone-collected and historic imagery to collect
data on how this event has impacted habitat complexity and resilience. We also tracked
the movements and habitat usage of tagged, critically endangered bonytail (Gila elegans).
Our findings have shown that the wash reach of river has become substantially more
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diverse than any other reach along the lower 64 km of the San Rafael River. Additionally,
the wash reach of river has provided resilience in the face of seasonal drying, retaining
water for periods longer than expected during summer months. Our findings also suggest
native, endangered bonytail prefer and favorably utilize the complex habitat that is a
direct result of the affected reach of river. We conclude that process-based desert river
restoration is crucial to the persistence of many unique, endemic and native Southwestern
fishes, and that large-scale disturbances like the one that has occurred in the San Rafael
may be a key method for restoring these highly-degraded desert tributary systems.
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CHAPTER 1
INTRODUCTION

An increasing appropriation of streamflow in the American Southwest, in addition
to widespread climate shifts and a transition to a progressively arid climate, has severely
impacted water quality and availability within the already highly modified river networks
of this region. The Colorado River Basin (CRB) is particularly emblematic of these
changes, having experienced a nearly 20% decline in streamflow since the 1900s
(Hoerling et al. 2019). These impacts have led to dramatic shifts in habitat quality and
condition across much of the CRB, where reductions in the magnitude and duration of
seasonal flooding have led to a reduced capacity for sediment transport, the colonization
of floodplains by nonnative vegetation, channel narrowing and straightening, and habitat
homogenization (Fortney et al. 2011). Additionally, exacerbated drying has left many
reaches of river unseasonably dry, causing habitat fragmentation, a loss of thermal
refugia and a lack of spawning habitat during periods crucial for the persistence of native
fish species (Pennock et al. 2022).
Recent studies reporting occurrences of endangered “big river” fish species (e.g.,
flannelmouth sucker Catostomus latipinnis, razorback sucker Xyrauchen texanus and
Colorado pikeminnow Ptychocheilus lucius) in smaller tributary systems of the CRB
have sparked an interest in the role of tributary habitat in larger river networks (Wick et
al. 1991; Bottcher et al. 2013; Fresques et al. 2013). The use of this habitat is largely
dependent on the size of the tributary, its proximity to mainstem rivers and the
availability of wetted habitat; however, prior studies have identified that tributary systems
can offer unique habitat conditions that are crucial to the life history stages of native fish
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(i.e., spawning, refugia and maturation; Osborne and Wiley 1992; Datry et al. 2014;
Cathcart et al. 2015). Although these tributary systems are increasingly being recognized
as key habitat for native fishes due to their capacity to maintain migratory routes, meet
life stage-specific needs and support discrete populations of endangered species, they are
often excluded from management plans and are not consistently designated critical
habitat for recovery under the Endangered Species Act (Laub et al. 2015). This issue is
likely due to the remote nature of these tributary systems, their small size, uncertain
political standing and a dearth of data regarding their contributions to populations of
endangered species or critical habitat.
Though explorations of these small tributary systems have been historically
lacking, evidence of their importance to native and endangered fish species is growing
(Compton et al. 2008; Cathcart et al. 2015; Pennock et al. 2022). As this base of research
grows, it’s become increasingly apparent habitat availability in these desert river streams
is increasingly limited. The San Rafael River (SRR) in south-central Utah is a tributary of
the Upper Colorado River Basin. The SRR is considered one of the most overallocated
rivers in Utah with over 800 surface points of diversion and more than 360 dams located
primarily upstream on its three tributaries. Much of the SRR’s water is diverted and
stored before it reaches the lower 90 km and the loss of these flows, in addition to climate
shifts, have led to a severe reduction in large-magnitude and long-duration snowmelt
flooding, causing the floodplain to vertically accrete between 1.0 and 2.5 m and the SRR
to narrow 83% in the lower 90 km between 1938 and 2009. Additionally, the system has
changed from a historically wide, meandering and multi-threaded channel network to a
single threaded channel with little complex habitat for native fish species.
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In 2010 a large reach of the SRR upstream of the confluence with the Cottonwood
Wash began to undergo extreme geomorphic change. A large sediment pulse was flushed
down the wash, blocking the main channel and bringing waters to above floodplain
elevation. Waters remained above floodplain elevation for nearly a year before eventually
dispersing and causing a shift from a homogenous, single-threaded channel to a
multithreaded channel and wetland complex that was identified in prior studies to be
growing at a rate of 1.5km a year (Lyster 2018). It was surmised that this wetland
complex was in part sustained by the presence of beaver; however, its contributions to
complex habitat for native fishes remained uncertain.
In Chapter 2, we examined how extreme geomorphic change had led to the
creation of fish habitat and localized ecosystem persistence. We expected the feature
would have created and maintained complex habitat believed to be preferred by native
fishes, especially when compared to the otherwise highly degraded and simplified
reaches of the lower SRR (Bottcher et al. 2013; Walsworth et al. 2013). We analyzed
three different habitat types – wash, boundary and reference – utilizing field-collected
complexity data. These habitat types were selected based on their proximity to the wash
feature, where wash habitat was considered to be within the wash feature, boundary
habitat was found along the upstream and downstream edges of the wash feature, and
reference habitat was located primarily downstream of the wash feature in accessible but
degraded reaches of the lower SRR.
The persistence of biological communities can often be linked to whether or not
organisms can exploit a shifting mosaic of environmental conditions over space and time
(Brennan et al. 2019). Thus, geomorphic units like large woody debris, backwaters, pools
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and riffles are often considered good measures ecosystem heterogeneity due to their
ability to be utilized as and create complex habitat for aquatic organisms (needs a
citation). We used these units (large wood, backwaters, pools and riffles) as metrics of
habitat complexity in each of our habitat types, measuring overall complexity as the total
area of complex geomorphic units within each reach. Based on early visual surveys, we
expected boundary habitat would be the most complex of our habitat types due to a large
quantity of complex wood structures and influence of beaver.
Beavers were considered as potentially significant in this study due to their
classification as keystone modifiers because their dam-building behavior substantially
alters the wetland or riverine ecosystem they inhabit (Mills et al. 1993, McKinstry et al.
2001). Based on visual surveys of the lower SRR prior to the arrival of the wash feature,
beaver were exhibiting at least partial dam-building behavior in this region, and prior
studies have confirmed their ability to successfully modify desert river systems in order
to create persistent wetted habitat (e.g., Doden 2021). Beaver dams create pools that
retain water, store nutrients and sediment, and add heterogeneity to lentic systems, while
also potentially mitigating the effects of climate change in certain areas (Hood and
Bayley 2008; Fairfax and Small 2018; Fairfax and Whittle 2020). We expected that their
presence in the lower SRR was contributing to the overall complexity, persistence and
expansion of the wash feature over time.
We used remote, visual surveys of both historic and drone-collected orthomosaic
imagery to gather information on geomorphic change in order to understand how the
wash feature has contributed to changes in complexity and ecosystem persistence over
time. We collected area measurements of inundation within three categories (free-
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flowing, overflowing and ponded) as well point-counts of geomorphic units (e.g.,
confluences, diffluences, riffles and large wood) over three time periods: 2009, 2015 and
2021. We conducted these surveys both in the wash feature and in two highly degraded
reference reaches located downstream of the wash feature. Due to the broad, meandering
and multi-threaded nature of the wash feature, we expected that the feature would have a
higher capacity for water retention as a metric of ecosystem persistence when compared
to highly degraded and simplified reference habitat. Additionally, based on the
preliminary results of our field-collected data, we expected to see a broad increase in the
complexity of the wash feature over time.
In Chapter 3, we examined how critically-endangered native fish potentially
responded to the creation of new and novel habitat against a background of otherwise
extremely degraded and simplified riverscape. Prior studies have identified that the SRR
contained populations of the sensitive and endangered species of the CRB like the
flannelmouth sucker, bluehead sucker (C. discobolus) and roundtail chub (Gila robusta;
Bottcher et al 2013); however, these species have become increasingly habitat limited in
the lower 90 km of the SRR due to a lack of complex habitat (Walsworth et al. 2013) and
persistent intermittent drying. In 2020 and 2021, hatchery-reared and PIT-tagged bonytail
were stocked in the lower SRR. We monitored their movements and habitat use through
the use of both permanently-installed and temporary antenna systems. We also conducted
field-based sampling to gather data on habitat usage by nonnative species. To
characterize habitat selection by species within the system, we utilized electivity indices
and simulations of selection within our three habitat types to calculate a percentile of
observed electivity versus random electivity for each species for each habitat type. These
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values were then used to estimate a probability of habitat selection for each species.
Based on our prior assessments of habitat complexity by type, we expected that both
nonnative fishes and native, endangered bonytail would proportionally select for the more
complex boundary habitat located at the edges of the expanding wash feature.
In Chapter 4, we synthesize the findings of our two research chapters into general
conclusions regarding the response of native fishes, their habitat and ecosystem
persistence to extreme geomorphic change. Though many studies exist regarding
endemic desert river fishes and tributary habitat, few examine the restoration potential of
these systems and none have examined how desert river ecosystems can respond to
extreme geomorphic change at the scale we observed in the SRR. Our research provides a
framework for studying how stocked, native fishes utilize new and novel habitat
complexes, as well as an evidence base for the development of large-scale, highly
disruptive restoration projects that could be implemented in historically degraded desert
river tributary systems. Creating geomorphically-complex and resilient habitat for desert
river fishes in these systems is possible (Keller et al. 2014; Shahverdian et al. 2017), and
the implementation of high disturbance restoration actions with the goal of creating
complex habitat could be key for the persistence and recovery of the sensitive and
endangered native fishes of the CRB.
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CHAPTER 2
EXAMINING THE IMPACTS OF EXTREME GEOMORPHIC CHANGE
ON HABITAT DIVERSITY IN A HISTORICALLY
DEGRADED DESERT RIVER1

ABSTRACT
Widespread hydrologic alterations have simplified in-stream habitats in rivers
globally, driving population declines and local extirpations of many native fishes. Here,
we examine how extreme geomorphic change in a historically degraded desert river has
impacted habitat diversity and persistence. Due to the introduction of a sediment plug
from a tributary wash in 2010, a large reach of the degraded and simplified San Rafael
River (SRR), Utah, began to actively change from a single-thread channel to a complex,
multi-threaded riverscape. We combined field measurements and drone-collected
imagery to document habitat changes due to this new habitat feature and monitored
habitat use by native and endemic fishes. Our results demonstrate the habitat feature is
more diverse than any other stream reach along the lower SRR, with reaches located at
the edge of the expanding wash feature containing 17% more complex habitat (e.g.,
pools, riffles, backwaters) on average than reference reaches, and containing 641% more
diverse habitat overall than 5 years prior to the start of our study. The wash feature was
also retaining water for periods beyond what was expected during seasonal drying, with
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the total extent of inundation within the riverscape increasing by over 2,800%. Since the
formation of the 2010 sediment plug, riparian habitat has increased by 230% and channel
networks have expanded from a single thread channel to more than 50 distinct channels
throughout the sediment plug’s zone of influence. These results will inform management
and conservation of habitat for imperiled desert fishes and encourage the use of processbased restoration tools, including “low-tech” habitat restoration, in order to mitigate the
impacts of simplification and increase habitat persistence in the face of increasing aridity
in the desert Southwest.

INTRODUCTION
Globally, rivers have been severely altered over the last century due to human
population growth, accelerating economic activity, land-use alteration, water
development and climate change that have all interrupted fluxes of water, sediment and
nutrients (Dynesius and Nilsson 1994; Ward et al. 1999; Syvitski et al. 2005), simplified
the physical structure of habitats and floodplains (Beechie et al. 1994; Hohensinner et al.
2005), and degraded habitat and water quality in river systems by the loading of nutrients
and pollutants (Williams et al. 2021). These impacts to watersheds and rivers have altered
riverine ecosystems dramatically and, as a result, the freshwater biodiversity of North
America has become increasingly threatened. Especially severe impacts of ecosystem
stressors can be observed in the dryland systems of the American southwest where water
is scarce relative to demand (Laub et al. 2015), and there has been a growing urgency
over the past few decades amongst managers and stakeholders for a more holistic
approach to river management and restoration.
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In particular, Cluer and Thorne (2013) proposed an expansion of previous stream
evolution models (SEM) to include the concept of Stage 0 rivers, whereby an alluvial
river and its floodplain have been undisturbed for a period of time allowing for the
development of a wetland-stream complex that is frequently multithreaded and
geomorphically complex (Brown et al. 2018). This SEM acknowledges that historically,
many riverscapes were characterized by Stage 0 conditions that include multiple channels
with high vertical and lateral connectivity. This SEM progresses from Stage 0 through an
additional seven stages of channel evolution that include both degraded, transitioning to
either complex or degraded, and complex riverscapes (Cluer and Thorne 2013).
Restoration projects focusing on the Stage 0 river concept are often aimed at changing the
condition and future evolution of incised, single-thread rivers and streams to achieve
multiple channels and complex floodplain conditions. A broad range of methods exist to
recreate Stage 0 habitat; however, many of these projects often utilize methods that are
considered “low-tech” and less invasive (e.g., limiting the use of heavy machinery) in
order to develop complex and resilient stream and floodplain habitats (Beechie et al.
2010; Pollock et al. 2012; Pollock et al. 2014). These methods also often involve the
development of holistic, long-term monitoring plans in order to maintain a broad-scale
approach that is often necessary for the complex channel‐floodplain‐wetland systems
these projects aim to achieve (Wheaton et al. 2019; Ciotti et al. 2021).
In arid or semi-arid rivers, reduction in the frequency and/or magnitude of
seasonal floods often induces a shift from a braided to a meandering single-thread
channel, decreases channel width, causes valley alluviation, and is often accompanied by
changes in riparian vegetation communities which favor domination by nonnative taxa

12
(Vorosmarty et al. 2010; Fortney et al. 2011). This degradation process is especially
prevalent in the arid American southwest, where more than 100 species of desert fish are
considered endangered, threatened, or of special concern under the Endangered Species
Act (ESA), many as a direct result of increasingly limited habitat (Rinne and Minckley
1991; Laub et al. 2015). Remediating threats to the persistence of native biota in
Southwest desert rivers will likely require coupled management of flow regimes and
active in-channel restoration efforts (Barrett 2004; Propst et al. 2008; Pennock et al.
2021).
The Colorado River Basin (CRB) is located primarily in the southwestern U.S.
and ranges through seven U.S. states and northern Mexico (Pulwarty et al. 2005). With
headwaters lying in the Rocky Mountains of Utah, Wyoming and Colorado, the Colorado
River drains a primarily semi-arid region with an average precipitation of only 40
cm/year (Van Steeter and Pitlick 1998). This river receives 85% of its annual flow from
melting snowpack in the upper basin, defined as the river network above Lee’s Ferry in
northern Arizona, with a hydrograph dominated by spring floods (Barnett and Pierce
2009; Fortney et al. 2011). Long-term climate variations (including drought and climate
warming) have already begun to dramatically affect the snowpack and runoff conditions
in the CRB and, combined with growth in both municipal and industrial water demands
as well as exacerbated groundwater depletion, both habitat and water quality within the
CRB have become increasingly degraded (Fortney et al. 2011; Udall and Overpeck 2017;
Milly and Dunne 2020).
The Upper CRB has become a primary example of process-based restoration
actions, where a variety of restoration approaches are used as tools for the mitigation of
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anthropogenic- and climate-driven riverscape degradation (e.g., The Upper Colorado
River Endangered Fish Recovery Program, The Upper Colorado River Watershed Group
and Utah’s Watershed Restoration Initiative, among others; Dauwalter et al. 2011; Laub
et al. 2018). These restoration and management actions are often focused on the large,
mainstem rivers of the basin (e.g., The Colorado River Recovery Program); however,
small tributary systems often offer unique opportunities for management and restoration
efforts as many receive little recreational, agricultural, extractive or industrial use, often
occur on public lands, and therefore entail fewer potential conflicts with stakeholders
(Laub et al. 2018). On the Green River, these small streams include fifth- to sixth-order
tributaries such as the Muddy, Fremont, Price and San Rafael rivers (Bottcher et al.
2013). In terms of their conservation status, small tributaries such as these are frequently
not designated as critical habitat under the ESA and thus do not assume a prominent role
in the restoration or recovery of the CRB (Tyus and Saunders 2001). Consequently, small
tributaries have become increasingly vulnerable to exacerbated water development,
associated habitat degradation and other anthropogenic impacts (Laub et al. 2018). These
impacts tend to be greater in unprotected regions than for small tributaries in areas
designated as critical habitat, where some recovery actions are taking place or the
tributary is otherwise legally protected (Bottcher et al. 2013).
The San Rafael River (SRR), a tributary of the Green River in the Upper CRB, is
representative of many desert tributaries that have been subject to anthropogenic
perturbations (i.e., altered hydrograph, water development, channelization,
homogenization of habitat; Fortney et al. 2011). In 2010, a large reach upstream of the
confluence with Cottonwood Wash began to undergo rapid geomorphic change (Lyster
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2018). A sediment pulse from the wash entered and blocked the main channel of the
SRR, bringing water levels to above floodplain elevation. The SRR began to change from
a single-thread to a multithread channel and this wide, shallow and heterogenous reach of
river appeared to be spreading upstream at a rapid rate, potentially dramatically
increasing the diversity of habitat types within the system (Lyster 2018).
The objective of our study was to determine how the sediment pulse and
corresponding habitat feature above Cottonwood Wash (hereafter ‘wash feature’) have
contributed to both an increased diversity of habitat types and an improved capacity for
floodplain inundation against a background of otherwise extremely simplified and
degraded desert river habitat. The SRR is representative of many desert river systems, in
that an altered flow regime, fish passage barriers, degraded habitat, and nonnative fish
and vegetation have combined to synergistically alter ecosystem processes and threaten
the persistence of native communities (Macfarlane et al. 2017; Olden and Poff 2005;
Stromberg et al. 2007). Thus, the reach of the lower SRR impacted by Cottonwood Wash
offers a unique opportunity to examine how dramatic shifts resulting from rapid
geomorphic change can contribute to both habitat diversity and floodplain inundation in a
historically degraded desert river system, as well as offering opportunities for native fish
persistence. To meet our research objective, we utilized methods on-the-ground habitat
sampling, as well as manual landscape feature digitization using Google Earth and drone
collected orthomosaics. Calculating relatively simple metrics of habitat complexity in this
novel and diverse reach of desert river habitat could assist local managers and
conservationists when developing restoration strategies herein and beyond, especially in
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the implementation and design of low-tech restoration tools that could work to mimic the
wash feature in other degraded desert river tributaries (Bouwes et al. 2016).

MATERIALS AND METHODS
Study Area
The SRR is located in south-central Utah and is a tributary of the Green River in
the Upper CRB (Figure 1). Like many desert river tributaries in the arid southwestern
United States, the SRR has experienced a number of anthropogenic perturbations, as well
as impacts from intensifying climate shifts, that have significantly altered its natural
hydrograph of high-magnitude, long-duration spring snowmelt-driven floods and shortduration, monsoon-driven floods in late summer and early fall (Webb and Betancourt
1990; Fortney et al. 2011; Laub 2013). The presence of reservoir and water-diversion
systems upstream on the SRR’s three tributaries – Ferron Creek, Cottonwood Creek and
Huntington Creek – causes the SRR to be one of the most overallocated basins in Utah,
where these reservoirs can hold back all spring runoff with exception to those years with
abundant snowfall and snowmelt (Fortney et al. 2011). Another significant impact to the
SRR riverscape includes the invasion of nonnative tamarisk (Tamarix ramosissima) and
Russian olive (Elaeagnus angustifolia), which has led to vertical accretion of fine
sediments, enhanced streambank stabilization, channel narrowing and planform
simplification (Manners et al. 2014).
The loss of a natural flow regime, as well as the invasion of nonnative vegetation,
has caused the SRR to change from heterogenous, diverse and braided system to a highly
aggraded, simplified and homogenous riverscape (Walker and Hudson 2004; Pennock et
al. 2021; Figure 2). Specifically, between 1938 and 2009, the system has narrowed 83%
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in the lower 90 km, and the floodplain has vertically accreted between 1.0 and 2.5 m
(Fortney et al. 2011). Reduced flow and exacerbated channel simplification have also
collectively altered habitat for native and endemic fishes, significantly reducing the
quality and availability of complex habitat required for spawning, feeding, resting and
rearing habitat necessary for their persistence (Bottcher et al. 2013; Walsworth et al.
2013). In an attempt to mitigate degradation, an adaptive restoration and monitoring plan
was developed (Laub et al. 2013), and there have been several small-scale restoration
projects that include the limited installation of beaver dam analogs (BDAs) and postassisted log structures (PALS), as well as larger scale tamarisk removal (Keller et al.
2014). These efforts are, however, challenged by the large spatial extent of degraded
habitat, the lack of adequate funding for system-wide restoration and, most recently, by
pervasive drought and the over-allocation of water within the watershed.
The creation and evolution of the wash feature followed a series of discrete
events, starting with the July 2010 rain event that likely caused flash-flooding in
Cottonwood Wash. This rain event coincided with low flows and reduced sediment
transport capacity in the SRR, resulting in the deposition of a sediment plug at the
confluence with Cottonwood Wash. The plug stretched from 400 m downstream of
Cottonwood Wash confluence to 450 m upstream of Cottonwood Wash confluence (Utah
State University Water Research Laboratory, 2010). This sediment plug blocked the flow
of water in the main channel which caused natural impoundment and brought water
levels above floodplain elevation. This event forced the river to cut new channels across
the floodplain, eventually rejoining into a single-thread channel 400 m downstream of the
Cottonwood Wash confluence (Lyster 2018).
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Following the addition of the sediment plug, the SRR began to change from a
single-thread channel to a multithread channel beginning at the confluence with
Cottonwood Wash and ending about 500 m upstream (Lyster 2018). Root masses of
invasive species such as tamarisk and Russian olive stabilized floodplain soils,
maintaining the near-floodplain water surface levels of the newly formed channels and
preventing the upstream migration of channel headcuts. This wide, shallow and
heterogenous reach of river appeared to be spreading upstream past the initial 500 m
mark at a rapid rate, with potential to dramatically increase the diversity of habitat types
within the system.
Sample Design
In spring and summer of 2020, we selected six 300 m sample reaches that were
representative of a) the historically degraded habitat found in the lower SRR, b) boundary
habitat located along the edges of the wash feature and c) habitat located within the wash
feature. Each of the three habitat types were represented by two of the six sample
reaches. In each reach, we measured mesohabitat composition by estimating the area of
geomorphic units within each reach (i.e., glide-runs, pools, backwaters, riffles and large
wood accumulation) and calculated percent-area of each type.
In analysis of geomorphic change over time, as well as habitat persistence in the
form of floodplain inundation, we used modified methods from the Riverscape
Inundation Mapper tool (RIM; Bartelt 2021). Based on these methods, we conducted
relatively rapid and manual digitization of landscape features to analyze readily available
(e.g., Google Earth) and easily acquirable (e.g., consumer-grade drones) high-resolution
aerial imagery. The digitization of visible features from high-resolution orthoimagery is a
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widely used method in landscape analysis (e.g., Carbonneau et al. 2012; Carbonneau et
al. 2020; Donovan et al. 2019; Green et al. 2019), and we used the approach to examine
geomorphic change resulting from the wash feature and the persistence of this feature
over time.
To establish a baseline of geomorphic condition in the lower 90 km of the SRR,
we chose two degraded and laterally-confined or partly-confined reference reaches, one
upstream of Spring Canyon and the other upstream of Moonshine Wash (Figure 1).
Selection of these reference reaches was access-limited due to a lack of roads and the
rugged terrain of the region. The selected reaches were similar in length to the wash
feature (7.36 km) and were intended to represent simplified and degraded habitat,
offering context for metrics of change within the wash feature. For each reference reach,
we followed a five-step process where we 1) acquired basemap imagery, 2) digitized
features that represent: a) valley bottom extent, b) inundation, c) geomorphic units and d)
riparian and upland vegetation, 3) split the valley bottom and metrics into 13 equally
spaced segments, 4) quantified the metrics from each segment and 5) calculated
measurements of variance for each site (see Table 3). We repeated these data capture
methods over two time periods: 2009 and 2015, chosen because these time steps allowed
us to examine significant change over time pre- and post- wash feature formation.
Additionally, imagery for these two time periods was readily available through Google
Earth. We then utilized these same methods for the wash feature upstream of the
confluence of Cottonwood Wash, repeating these data capture methods over three time
periods: 2009, 2015 and 2021. 2021 was added to provide context for the current
condition of the wash feature.
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Imagery Acquisition
We acquired basemap imagery for the digitization of the wash feature in 2021
with an unmanned aerial vehicle (UAV; DJI Mavic 2 Pro) outfitted with a Hasselblad
L1D-20c camera (20MP 1” sensor), or from available high resolution aerial photos. For
2021 imagery collected by UAV, we collected imagery at flight heights ranging from 300
to 350 m at 20 mph. We post-processed imagery in Drone Deploy to produce 2 cm
resolution orthomosaic images (e.g., Carbonneau et al. 2020; Oakland 2020). We also
used historic imagery from Google Earth (June 6, 2009, and April 2, 2015; Maxar
Technologies, State of Utah, USDA/FPAC/GEO; ~0.15m resolution) to capture
conditions prior to 2021 and for our reference reaches: Moonshine Wash and Spring
Canyon.
UAV imagery was collected on September 23, 2021. Flows for the UAV imagery
were a maximum of 0.40 and a minimum of 0.30 cms. Historic imagery flows were a
maximum of 8.10 and a minimum of 7.14 cms for 2009, and a maximum of 0.26 and a
minimum of 0.12 cms for 2015. Flows were measured at US Geologic Survey (USGS)
gauge #09328500 San Rafael River near Green River, Utah.

Site Characterization and Mapping
To contextualize baseline conditions for the SRR, as well as the relative impact of
the Cottonwood Wash sediment plug and associated wash feature, we mapped valley
bottom extents (Fryirs et al. 2015) to provide a basis for normalization. The valley is
defined as the area between the adjacent hillslopes (Wheaton et al. 2015). The valley
bottom is the area that could plausibly flood in the contemporary flow regime and
describes the area within the valley that contains the active channel(s) and active
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floodplain (Wheaton et al. 2019). We used multiple lines of evidence to delineate the
valley bottom margins for the study reaches including satellite imagery, Digital Elevation
Models (DEMs) and field observations of the surrounding landscape. We assumed that
the valley bottom extents are constant in order to establish a consistent basis for
normalization (Bartelt 2021). Next, we interpolated a valley bottom center line and used
this to characterize valley bottom or site length. We calculated integrated valley bottom
width for target sites by dividing valley bottom area by site length. For each data capture
event, we digitized features representing tier 1 and tier 2 geomorphic units, as well as
inundation extent and type (described in greater detail below; Wheaton et al. 2015).
We also conducted a slope analysis for the wash feature and each of the reference
reaches. The following equation was used to calculate the slope of the valley centerline

𝑚=

𝑟𝑖𝑠𝑒 𝑦1 – 𝑦2
=
𝑟𝑢𝑛 𝑥1 – 𝑥2

where y1 is the elevation at x1, which is the upstream end of the valley centerline, and y2
is the elevation at x2, which is the downstream end of the valley centerline.

Mapping Inundation
For each survey, we mapped inundation by digitizing a polygon around the wetted
edge visible in the aerial imagery. We inferred visible boundaries where vegetation or
shadows obscured the water’s edge. We estimated inundation area uncertainty for each
survey based on the resolution of the imagery used to digitize survey features. This
procedure resulted in two separate buffered polygons representing the upper and lower
bounds of maximum and minimum inundation within the valley bottom.
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We broke each inundation survey polygon into three flow type classes on a
continuum from more lotic (free-flowing) to more lentic (ponded, but still flowing). We
defined these classes as follows (Wheaton et al. 2015): 1) free-flowing – not obstructed
by river channel or by a channel-spanning structural element, 2) overflow – flow that is
spilling over active channel boundaries and onto the floodplain or otherwise exposed in
channel surfaces (e.g., bars, benches and/or ledges) and 3) ponded – structurally forced
backwater creating a pond or pool upstream of a channel-spanning structural element
(e.g., a beaver dam).
This simple classification was intended to discriminate large differences in flow
characteristics. It is possible for the free-flowing class to be broken down further for
studies more focused on in-channel flow diversity; however, we chose to use simpler
metrics for our study because of the scope of our study area and access limitations for
field data collection. Once inundation types were classified, we used these data to derive
the total area of each inundation type. We then divided inundated area by the valley
bottom area which gave us the percent of both total inundation and each inundation type,
allowing for comparison of inundation across reaches. We also estimated the integrated
wetted width by dividing the total inundated area by the valley bottom length.
To characterize the diversity of inundation types (a proxy for habitat complexity),
we used the Shannon’s Evenness Index (also referred to as Shannon Equitability or
Shannon Evenness) to calculate a value for each site and survey, a metric frequently used
to describe spatial heterogeneity (e.g., Laurel and Wohl 2019; Wyrick and Pasternack
2014). The Shannon’s Evenness Index value is calculated as follows:
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𝑆𝐻𝐸𝐼 =

− ∑𝑚
𝑖=1(𝑃𝑖

∗ 𝑙𝑛𝑃𝑖 )

ln𝑣

where Pi is equal to the proportion of the valley bottom occupied by each inundation type
i and v is equal to the number of inundation types present in the valley bottom. In our
study, v was equal to four to include the three inundation types (free-flowing, ponded,
overflow) and dry conditions.

Mapping Tier 1 and Tier 2 Geomorphic Units
Wheaton et al. (2015) defines the primary tier 1 geomorphic units that comprise
the riverscape or valley bottom as the river’s floodplain and channel(s). In our study, we
used the presence of upland plant species as an indicator of floodplain activity vs.
inactivity. Within these classifications, we defined active floodplain as a polygon
shapefile in ArcGIS. Similarly, we mapped primary and secondary channels as a polygon
feature class, defining these channels as primary or secondary within their respective
attribute tables and calculating the length of each channel.
We defined tier 2 geomorphic units as the depositional or erosional instream
features that contribute to diversified habitat and were visible at 1:450 zoom (e.g.,
confluences, diffluences and woody debris structures; Palmer et al. 2009; Horan et al.
2000). We mapped these within the riverscape through visual estimation via digital
imagery. When possible, we confirmed the presence and form of tier 2 geomorphic units
through on-the-ground field surveys. The presence of these features was then used as an
indicator of habitat diversity or complexity. We classified large wood structures as those
found both in- and out-of-channel that fell within a zone of inundation. We identified
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confluences and diffluences as channel breaks and joins stemming from the active
channel or former active channel (Figure 3).

Mapping Riparian and Upland Vegetation
We mapped upland and riparian vegetation in ArcGIS, using the same method
proposed earlier where the presence of upland species was used as an indicator of
floodplain activity vs. inactivity. A visual estimate was taken of the boundary between
upland and riparian vegetation and a polygon was drawn around each respective
vegetation type in order to calculate area. Non-vegetated river channels were not included
in our survey. We conducted these measurements for each of our survey years for both
the wash feature and our reference reaches.

Other Data Collection
In addition to habitat composition mapping, in each reach we examined substrate
composition by conducting pebble count surveys (Potyondy and Hardy 1994). For each
300 m reach, we collected 20 substrate samples at 30 m intervals along a cross-channel
transect for a total of 200 samples per reach.

RESULTS
We first show results for individual sites that were sampled as part of a 2020 onthe-ground field study. Next, we demonstrate the results for reference reaches selected
within the lower SRR to set a baseline for degradation in the lower river. Lastly, we
report the summary results for the wash feature, including site specific results for
geomorphic units and inundation.
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2020 Field Study
Our results demonstrate the wash habitat feature is more physically diverse than
any other river segment along the lower SRR with wash and boundary habitat reaches
containing 17% more unique geomorphic units (e.g., pools, riffles, backwaters) on
average than reference reaches, with 70% of primary wash habitat comprised of diverse
habitat. We found that boundary habitat (defined as habitat located at the upstream and
downstream boundaries of the expanding habitat feature) was the most complex,
containing a combined greater diversity of geomorphic units and substrate composition
when compared to sampled reference and wash feature reaches (Figure 4). Our reference
sites contained >800 m2 of riffle habitat and only a very small area (<7 m2) of large
woody debris (Figure 4A). Reaches within the wash feature itself were composed of only
a small area of pool habitat (16 m2). In contrast, the boundaries of the wash feature
contained >123 m2 of pool habitat, 149 m2 of riffle habitat, >34 m2 of large woody debris
and a very small section (4 m2) of backwater habitat. We found that, on average,
boundary habitat contained >1,100% more pool habitat than the other reaches. Based on
the results of pebble counts in six reaches, divided into boundary, wash and reference
reaches, we found that boundary sites contained a mixture of silt and sand substrate, with
64% of substrate comprised of silt. In comparison, reference sites were more complex
than anticipated, containing >54% silt substrate, >33% sand, >4% gravel and 7% boulder.
Wash sites were comprised entirely of silt (Figure 4B).

Reference Reach Delineation
For both reaches, imagery for 2009 was collected in August when flows were at
8.07 cms. Imagery for 2015 was collected in July when flows were at 0.26 cms. The
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slope of our Spring Canyon reach was .0015 (Table 2). The valley bottom measured 2.26
km2, of which ~5% (112,676 m2) was inundated by free-flowing river in 2009. In 2015,
~3% (85,199 m2) of the valley bottom was inundated. The river rerouted and cut off an
>800 m stretch of river between 2010 and 2012, resulting in a reduction in inundation.
When comparing 2009 and 2015 inundation metrics for the wash feature, we found that
the wash feature contained 3% more inundated habitat as compared to the Spring Canyon
reference reach in 2009 and had ~1,577% more inundated habitat in 2015 (Figures 5A
and 5B) after the arrival of the sediment plug. The wash feature also contained ~0.67 km2
more riparian habitat as compared to the Spring Canyon reference reach in 2009, and 0.7
km2 more riparian habitat in 2015 (Figures 6A and 6B).
We found that the Moonshine Wash reference reach had a slope of .0016, with
~75,227 m2 of inundated habitat in 2009, occupying ~6% (75,227 m2) of its 1.13 km2
valley bottom. In 2015, inundation was reduced to ~5% (60,556 m2) of the valley bottom.
The wash feature contained 54% more inundated habitat as compared to the Moonshine
Wash reference reach in 2009, and ~2,259% more inundated habitat in 2015 (Figures 5A
and 5C). We saw an increase in the number of geomorphic units found in the Moonshine
Wash reference reach, containing 43 riffles and 27 large woody debris structures in 2015,
compared to zero in 2009. Riparian habitat did not change significantly between 2009
and 2015 in the Moonshine Wash reach, and the wash feature contained an average 0.7
km2 (Figures 6A and 6C) more riparian habitat than the Moonshine Wash reach during
both 2009 and 2015.
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Wash Feature Inundation
We examined the inundation summary results for three time periods for the wash
feature, which measured as 5.5 km2 (7.36 km) with a slope of .0016 (Figure 7; Table 3).
We collected and analyzed imagery from 2009 (pre-sediment plug) which showed that at
moderate flow (8.07 cms), the SRR’s inundation was contained entirely within a single
free-flowing primary channel (integrated wetted width = 15.8 m). The inundated area was
measured to be 116,292 m2 or 2.1% of the valley bottom.
We collected imagery for spring of 2015 from Google Earth during a low flow
period (0.26 cms). Inundation increased from 2.1% to 26% (1,428,893 m2) of the valley
bottom (Figure 8). Of that total inundated area, 7.1% (101,889 m2) was free-flowing and
92.9% (1,327,004 m2) was overflowing. Integrated wetted width increased to 194.1 m
from 15.8 m. Due to woody debris jams and increased connectivity of the SRR to its
floodplain, we saw bifurcation occur within the wash feature and a 700% increase in the
number of active channels. In analysis of the 2021 drone-collected imagery when flows
were at 0.40 cms, we observed a 45% (1,997,523 m2) increase in total inundated area,
with 62.3% (>3,426,416 m2) of the valley bottom inundated. Of this 62.3%, 3.2%
(>110,528 m2) of inundation was free-flowing, 96.3% (3,300,537 m2) was overflowing
and 0.5% (>15,350 m2) was ponded. We also observed a visible increase in beaver
activity, with eight new and intact beaver dams actively ponding water.
Although the total surface area of free-flowing inundation decreased from 2009 to
2021, flows were drastically different between these two time periods (8.07 cms in 2009
versus 0.40 cms in 2021) and a decrease in inundation was expected. We did observe that
ponded and overflow inundated area increased such that the total extent of inundation
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increased over 11 years by 2,846.4%. We also observed that changes to the diversity of
inundation types were reflected in an increase of the average Shannon’s Evenness Index
value from an average of 0.007 in 2009 to 0.057 in 2021 (Figure 9). All measured metrics
of change from 2009 to 2021, along with site-specific constants are summarized in
greater detail in Table 3.

Wash Feature Geomorphic Units and Vegetation Survey
We found that the wash feature underwent a 641% increase in more diverse
geomorphic units from 2015 to 2021 (Figure 10). Specifically, we observed a 657%
increase in confluences, a 371% increase in diffluences, an ~861% increase in large
woody debris structures and a 225% increase in riffle habitat. In analysis of 2021
imagery, we found that confluences and diffluences were dispersed throughout the wash
feature. Similarly, large woody debris structures were dispersed, but we found the most
significant concentration near the downstream boundary reach. Riffle habitat was
concentrated in the 1.5 km reach located just upstream of Cottonwood Wash.
The riparian zone increased >5% between 2009 and 2015, occupying ~16% of the
valley bottom (Figure 11). Between 2015 and 2021, riparian vegetation increased by
>238%, occupying ~55% of the valley bottom. In total, the riparian zone increased by 2.2
km2 or by >258% after the arrival of the 2010 sediment pulse and corresponding plug.
The amount of upland vegetation in the valley bottom shrank by ~96% between 2009 and
2021.
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DISCUSSION
Historically, the SRR was a wide and laterally meandering system, occupying
much of its floodplain. Taking early observations into account, we conclude that the wash
feature is very similar to the historic late 19th and early 20th century condition of the SRR.
In the early part of the 20th century, riparian vegetation was dominated by cottonwoods,
willows and grasses. Accounts of the SRR valley during this period describe abundant
grasses, sedges, and wetlands that suggest that the water table was near the surface in
much of the valley, similar to what we have seen over the past decade with the
development of the wash feature (Fortney et al. 2011). Early surveys of the lower SRR
occurring in the late 1800s estimated channel width between 10 and 40 m depending on
the magnitude of flooding, and aerial photographs collected in the late 1930s showed a
highly sinuous, braided system with multiple low flow channels within the wide active
channel (Fortney et al. 2011). Then, in the early 1930s and 1940s, tamarisk began to
establish. By the 1950s, dense stands of tamarisk up to 2.4 m tall covered the floodplain
at USGS gauge #09328500 (Fortney et al. 2011). Invasion by nonnative tamarisk in
conjunction with the loss of flood magnitude due to over-allocation began the process of
channel narrowing, bank stabilization and floodplain aggradation, creating the highly
degraded system observed today along much of the lower 90 km of the SRR (Fortney et
al. 2011).
In this study, we found that coarse differences in channel form and inundation
patterns do indeed influence the structure and function of historically degraded and
simplified tributary systems. In terms of ecosystem function, we found that extreme
geomorphic change resulted in greater access of the SRR to its floodplain, creating
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complex lateral flow networks, as well as the rerouting and formation of river channels.
Our results demonstrate that the 2010 sediment pulse from the Cottonwood Wash, and
the corresponding sediment plug, had a significant impact on inundation patterns, the
expansion of riparian wetland vegetation and the formation of diverse habitat structures
along the 7.36 km stretch of river. We observed a dramatic increase in inundated valley
bottom area at low flow discharges, between 2009 and 2021, as well as significant
expansion of wetland and riparian habitat. We also observed substantial growth in the
number of channels that formed within the wash feature, increasing by several orders of
magnitude since 2009. The wash feature differed markedly from both degraded reference
reaches, showing a greater capacity for diverse inundation types, as well as a greater
variety of habitat-forming, in-stream geomorphic units.

Origins and Persistence of the Wash Feature
There has been a lot of speculation about the origins of the SRR wash feature, but
no concrete conclusions as to its source. The SRR is largely a low gradient system in the
lower 90 km, with a wide and less rugged valley bottom than other tributaries of the basin
(Fortney et al. 2011). Due to this low gradient, the SRR is a fairly low velocity river with
exception to seasonal flooding, and the wide valley bottom offers the river a greater
opportunity to meander if given floodplain access. The lack of consistent high velocity
flows and the wide, relatively flat valley bottom likely offered the perfect landscape for
the wash feature to develop. When a large magnitude flash flooding event occurring in
June of 2010 resulted in a sediment plug blocking the main channel, the ensuing flooding
likely drained much less quickly than it would have in a higher gradient system, allowing
the wash feature to form, evolve and expand.
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Wildfires in the Huntington Creek watershed and drainage of the upper SRR have
been hypothesized to have contributed both sediment and woody debris jams to the
system. In 2013 onwards, the addition of large wood to the SRR was potentially
associated with the 2012 Seeley wildfire, which consumed the upper 7,486 ha of the
16,227 ha Huntington Creek watershed and drainage, making the resulting landscape
more prone to fire-related debris flows (Giraud and McDonald 2013). The Trail
Mountain fire also occurred in the Huntington Creek watershed in 2017 and burned the
lower half of the drainage, causing debris flows and erosion, but few bottlenecks (A.
Arditti, personal communication, July 1, 2022). Woody debris jams that were
hypothetically sourced from the Seeley fire were observed in the wash feature through
aerial imagery in prior studies, and these jams were correlated with the upstream
migration of the wash feature (Lyster 2018). Woody debris jams from both the Seeley
and Trail Mountain fire were observed to have travelled up to 25 km, and if wood within
the SRR wash feature has originated from these fires, these debris jams would have
travelled nearly 250 km (Lyster 2018; A. Arditti, personal communication, July 1, 2022).
With these observations, it would be logical to assume that earlier fires could have
contributed to the initial 2010 Cottonwood Wash sediment pulse and plug, and that they
system’s low gradient aided in the retention of above floodplain elevation flows.
However, there were no major wildfires in the catchment in the several years prior
(MTBS Fire Viewer). It’s more likely that the alluvial fan from the Cottonwood Wash
deposited sediment both upstream and downstream of the Cottonwood Wash confluence
during the flash flooding event, raising base levels and causing the river to reroute, spread
out and deposit the annual sediment load of the river across the floodplain. We then
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hypothesize that root wads eroded from the banks, additional sediment loading and
woody debris jams from later fires then contributed to continued water retention and
geomorphic change, allowing the wash feature to persist and expand.
In addition to its gradient, the SRR has a densely vegetated floodplain, consisting
primarily of tamarisk and Russian olive. Though colonization by nonnative vegetation
often carries negative consequences, dense root masses could be a significant contributor
to the persistence of the wash feature by maintaining the near-floodplain water surface
levels of the newly formed channels and preventing the upstream migration of channel
headcuts. Beaver are also prevalent in this system, both presently and prior to the
development of the wash feature, and their presence has been associated with wash
feature maintenance and expansion. Prior research monitoring the success of translocated
beavers in Utah desert river tributaries, including the SRR, identified that river reaches
containing beaver populations experienced a greater density of dams and woody debris
structures (Doden et al. 2022). Many translocated beavers, as well as existing beaver
populations, in the SRR were located within the wash feature itself. Ecosystem
engineering by beaver has been shown to increase overall inundated area, thereby
increasing the resiliency of the system in the face of extended drought as well as the
available area for geomorphic change to occur (Laurel and Wohl 2019; Bartelt 2021).
In this context, inundation can be used as an indicator of wash feature growth
where inundated area has expanded over time, and as a proxy for both water retention and
persistence where the greater the inundated area, the more likely it is that the system will
retain water during periods of extended drought. Beaver have especially contributed to
drought-specific resilience in this system because, even at low flows, beaver dams will
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continue to pond water, which we directly observed during the summer of 2021 (Bartelt
2021; personal observation, 2021). Therefore, we’ve concluded that the maintenance of
dams and woody structures by beaver within the wash feature has allowed the feature to
continue expanding through a further diversification of inundation types, an increase in
the number of woody debris structures and through an increased capacity for water
retention, especially during increasingly dry periods.

Inundation Patterns and Diverse Habitat Structures as a Driver of Persistence and
Complexity
The use of ponded, overflow and free-flowing as the delineated inundation types
is based on known physical changes that occur as a result of structural forcing through
changes in channel morphology, the presence of large wood and increased beaver activity
(Naiman et al. 1988; Johnson et al. 2018; Bartelt 2021). We demonstrated that increased
inundation extent has occurred in this system, where extreme geomorphic change has had
a positive impact on the diversity and extent of inundation types throughout the wash
feature. We suggest that a diversified distribution of inundation types can be an indicator
of habitat persistence in the form of variable and extended water residence times, where
water is remaining on the landscape longer due to transient water storage as a result of
channel structure, in-stream habitat features and increased lateral flow. Since all of our
reaches had low-gradient slopes, we also propose that wash features, like the one
upstream of Cottonwood Wash, have the opportunity to persist longer than would occur
in a high-gradient system.
Our research is also supported by the flood pulse concept proposed by Junk et al.
(1989), wherein floodplains are characterized as being periodically flooded by lateral
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overflow of the main course of a river, forming a mosaic of lotic habitats that consist of
channels and lentic features, along with the seasonally inundated floodplain (Girard et al.
2010). Combined seasonal flood pulses and the spatially variable physical structures they
produce result in a spatiotemporally variable mosaic of habitat-forming structures, flow
paths and inundation hydroperiods (Junk et al. 1989; Mertes 1997; Poff et al. 1997). This
variability that is inherent to the flood pulse concept is a key driver of ecological
complexity that is often most apparent in the biotic and abiotic responses of the
surrounding ecosystem. We found this to be especially prevalent in our riverscape, where
the distribution of inundation types and diverse geomorphic units throughout our target
reach of river support research that highlights the relationship between inundation
patterns, channel mobility and habitat diversity (e.g., Tiegs et al. 2005; Hohensinner et al.
2014; Chone and Biron 2016). We observed an overall concentration of diverse habitat
towards the boundaries of the wash feature, supported by field-collected data and
remotely mapped geomorphic units. In these reaches, inundation types were also the most
diverse, supporting our initial suggestions that: 1) boundary habitat is the most diverse
within this system (see also Chapter 2) and 2) the wash feature has contributed to
ecosystem habitat diversity, especially when compared to our simplified and degraded
reference reaches.
We considered substrate type as one potential metric of habitat diversity in our
analyses of wash, reference and boundary habitat based on limited pebble count surveys.
Notably, we only sampled a small proportion of total substrate within a reach. We
observed that reference reaches contained more diverse substrate types than boundary
habitat; however, we want to emphasize that our reach selection was limited by access in
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an incredibly remote region of south-central Utah. As a result, we were limited to
reference reaches where access was often correlated with factors in the surrounding
landscape that often affect substrate in these desert rivers (e.g., incoming washes,
anthropogenic structures and proximity to the confluence with the Green River;
Walsworth et al. 2013), and these impacts likely had significant effects on channel
morphology, habitat condition and geomorphic complexity. We suggest that the
remainder of degraded habitat along the lower SRR, where these factors aren’t as
prevalent, would experience less diversity in substrate type.

Diversity Metrics in Boundary Habitat
We defined boundary habitat in this study as habitat found along the edges of the
upstream-expanding wash feature, and overall, we found this habitat to be the most
complex, containing all of the geomorphic units we had identified as metrics of diversity
(pools, riffles, backwaters and large woody debris structures; Bottcher 2009). Previous
research has suggested that structural forcing in the form of woody debris structures and
beaver dams is key for the formation of diverse inundation types, including the formation
of pools or ponded habitat (Bartelt 2021).
Boundary habitat is an especially significant result of the wash feature, as it’s
developed some of the most complex habitat we’ve observed amongst all of the reaches
of the lower SRR we’ve surveyed. Especially significant is the presence of pool habitat,
where prior studies have identified that the lower SRR is incredibly pool limited
(Walsworth 2011). Pool habitat offers refugia from predation for native fishes, as well as
thermal refugia during increasingly hot summer months (Murphy et al. 2015).
Additionally, direct observation demonstrated that pools are frequently the only wetted
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portions of the lower SRR during seasonal drying and, during spot sampling that occurred
simultaneously with seasonal drying in the SRR, the only fish remaining for many
kilometers of the lower SRR were captured in pools below habitat features such as beaver
dams and BDAs (personal communication, 2021).The presence of large quantities of pool
habitat within boundary sites, compared to other habitat types, means that these are some
of the only reaches of river offering persistent habitat for fishes during drought.
Additionally, the large quantities of large woody debris found in boundary reaches offer
rare and vital refugia for both adult and larval native fishes, ensuring the persistence of
spawning and rearing habitat in an otherwise extremely habitat limited system (Bottcher
et al. 2013; Walsworth et al. 2013).

Riparian Vegetation as an Indicator of Habitat Persistence
A large base of research points to drought as the major driver of shrinking
vegetated zones in arid and semiarid systems (e.g., Stromberg et al. 2007; Garssen et al.
2014; Andersen 2016); however, further research indicates the role of ephemeral
wetlands in ecosystem persistence in the face of extreme drought (Leigh et al. 2014;
Sandi et al. 2020). The presence of dryland wetlands allows arid or semiarid riverscapes
to exist as isolated pools or refugia during periods of extreme drought, with low flow
channels providing short-term connections between otherwise isolated sections of the
river network. Additionally, the presence of riparian vegetation reduces the rates of
evaporation, contributing to water retention in dryland systems (Rodrigues et al. 2021).
With our research, we demonstrated that the 2010 sediment pulse and resulting
overflow from the main channel into the valley bottom allowed the riparian zone to
increase substantially over 12 years. Though we cannot make a definitive claim that this
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system has experienced increased resilience, visual estimates and delineation of the
riverscape show that the wash feature has experienced an increased capacity for water
retention beyond what is typical during drying. We observed from imagery collected in
2021 that the system was retaining overflow inundation well into the expanded riparian
zone through late-August, prior to summer monsoon flooding. Given what is known
about the importance of riparian vegetation, as well as dryland wetland systems in arid
and semiarid regions, it is logical to suggest that this wash feature is contributing to
habitat persistence in the face of amplified drought in the American southwest.

Conclusion
Based on observed inundation patterns and increased riparian vegetation presence,
the 2010 sediment plug and corresponding wash feature have had significant positive
habitat impacts on the reach upstream of the Cottonwood Wash confluence. We suggest
that an increased area of inundation has contributed to the capacity of this riverscape to
retain water for periods longer than expected during extended drought. Additionally, our
results confirm that extreme geomorphic change has led to a more diverse array of
geomorphic units (riffles, large wood, confluences and diffluences) and more channels
which have contributed to a larger quantity and diversity of habitat than what was
previously available. The presence of large quantities of pool habitat in our boundary
reaches alone, and in a system with a proven paucity of pool habitat, supports the
conclusion that the wash feature has increased the diversity of habitat types available to
native fishes within this system.
Process-based restoration recognizes that riverine systems go beyond a single
channel, instead encompassing a complex, dynamic and evolving system that includes all
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of the area on or near the valley bottom that is affected by or directly affects fluvial
processes (Ciotti et al. 2021). In this framework, a river channel is seen as an ephemeral
structure that moves, evolves, disappears and re-forms as the result of disturbance
processes thereby creating structurally complex systems. Returning to the SEM and Stage
0 riverscapes (Cluer and Thorne 2013), where these complex systems frequently score
highest for flood and drought refugia, resilience, biodiversity and productivity, we see
that rivers are inherently dynamic systems where the disturbance and evolution of the
river and surrounding floodplain promotes the greatest diversity of ecosystem benefits
(Ciotti et al. 2021; Wheaton et al. 2019). In contrast, Stage 3 or 4 degraded and incised
systems score lowest in terms of their capacity to retain water, withstand disturbance and
provide complex and resilient ecosystem services (Wheaton et al. 2019). Disturbance
processes resulting from the channel-blocking sediment pulse at the Cottonwood Wash
caused a reach of the SRR directly upstream of the Cottonwood Wash to change from a
Stage 3 or 4 system to one closer to Stage 0.
The results of this study indicate that the addition of large amounts of sediment to
the lower SRR at Cottonwood Wash facilitated the blocking of the main river channel,
encouraged bank destabilization, promoted beaver dam building, allowed for the creation
of multithreaded channels and aided in riparian wetland expansion across the entire
valley bottom resulting in complex habitat that has benefitted native and imperiled fishes.
Traditional stream restoration approaches are too expensive and small in size to match
what has taken place naturally on the SRR (Skidmore and Wheaton 2022). This
realization has led us to believe that in order to promote large-scale, habitat-forming and
ecologically beneficial restoration in desert river tributaries, there needs to be an
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increased emphasis on process-based approaches to restoration (Beechie et al. 2010;
Wohl et al. 2019; Powers et al. 2018; Ciotti et al. 2021, Skidmore and Wheaton 2022). If
intentional process-based restoration actions were taken similar to what has naturally
occurred in the SRR, we may likely see the creation and maintenance of additional
complex habitat, further improving the recruitment and persistence of the native and
endangered fishes of the lower CRB and contributing to resiliency and refugia in the face
of worsening climate change (Fairfax and Whittle 2020).
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TABLES AND FIGURES

Table 2-1. List of metrics used to characterize the wash feature in terms of site,
hydrogeomorphic, geomorphic and inundation. Adapted from Bartelt (2021).
Metric

Measurement
Site
km2

valley or site area
Hydrogeomorphic
integrated valley width

m

site length

km

valley gradient

dimensionless
Geomorphic units

count of dams

count

count of riffles

count

count of large woody structures

count

count on confluences

count

count of diffluences

count

count of channel

count
Inundation

integrated wetted width

m

total inundated area

km2

total area of free-flow inundation

km2

total area of overflow inundation

km2

total area of ponded inundation

km2

percent of valley bottom inundated

percent

percent of valley bottom with free-flow inundation

percent

percent of valley bottom with overflow inundation

percent

percent of valley bottom with ponded inundation

percent

Shannon’s Evenness Index value

dimensionless
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Table 2-2. Results of the reference reach analyses for Moonshine Wash and Spring
Canyon during 2009 and 2015.
Description

Site

Year
2009

2015

8.07

0.26

7.14

0.12

Flow at date of imagery (cms)
max

–

min
Valley bottom length constant (km)

Valley bottom area constant

Spring Canyon

7.36

Moonshine Wash

7.36

Spring Canyon

2.26

Moonshine Wash

1.14

Spring Canyon

.0015

Moonshine Wash

.0016

Spring Canyon

0.15

Moonshine Wash

.16

Spring Canyon

9.68

Moonshine Wash

9.55

(km2)

Valley gradient
grade

grade in %

angle of elevation
Geomorphic units
total count

Moonshine Wash

0

70

Spring Canyon

0

0

Spring Canyon

0.11

0.09

Moonshine Wash

0.08

0.06

Spring Canyon

5.1

3.7

Moonshine Wash

6.6

5.3

Total area inundated (km2)

Percent valley bottom inundated
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Table 2-3. Results of the wash feature inundation metrics (see Table 1) for 2009, 2015
and 2021.
Metric

Year
2009

2015

2021

max

8.07

0.26

0.40

min

7.14

0.12

0.28

Flow at date of imagery (cms)

Valley bottom length constant (km)
7.36
Valley bottom width constant (km)
mean
min

0.78
0.55

max

1.37

Valley bottom area constant

(km2)
5.5

Valley gradient
grade

.0016

grade in %

.16

angle of elevation

6.95

Geomorphic unit count
confluences

0

7

53

diffluences

0

7

33

channels

0

8

56

riffles

0

8

26

beaver dams

0

0

6

0

31

281

free-flowing

0.12

0.1

0.1

overflowing

0

1.33

3.3

ponded

0

0

0.02

5.38

4.07

2.07

0.12

1.43

3.43

2.1

26

62.3

free-flowing

0.02

0.02

0.02

overflowing

0

0.24

0.60

ponded

0

0

0

15.8

194.14

465.55

large woody debris
Inundation type (area

km2)

dry
Total inundated area (km2)

% valley bottom inundation

% valley bottom inundation by type

Integrated wetted width
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Figure 2-1. Map of the lower San Rafael River and the study area region showing
regions of remote mapping: the wash feature and reference sites. Boundary reaches (or
areas) are defined as regions located at the upstream and downstream of the expanding
wash feature. Incoming washes are shown, and the Colorado River and Green River are
highlighted on the subset map.
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Sediment loading

Historic System

Spring snowmelt floods

Monsoon floods

Large magnitude
Long duration
Sediment scouring

Large magnitude
Short duration
Sediment loading

Wide, shallow,
heterogenous channel
Complex habitat

Large magnitude
Long duration
Sediment scouring

Deep, narrow banks
Floodplain aggradation
Simplified,
homogenous habitat

Cottonwood stands

Floodplain
Pool

Spring snowmelt floods

Current System

Floodplain

Nonnative vegetation colonization

Bar

Large wood

Floodplain

Homogenous channel width

Cottonwood stands

Pool
Riffle

Bar

Nonnative vegetation colonization

Variable flow
Backwater

Historic System

Current System

Figure 2-2. A conceptual diagram of the historic and current conditions of the SRR. The
top panel represents a cross section of the river, while the bottom diagram represents a
planform (birds-eye) view.

2 km

50

Flow direction

River
Bifurcation
Cottonwood Wash

Figure 2-3. Representation of channel confluences and diffluences for imagery collected
in 2021, focusing on the 2 km reach of the SRR upstream of the Cottonwood Wash
confluence.
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large wood
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Figure 2-4. Proportion of geomorphic units within each habitat type as a metric of habitat
diversity (4A) and substrate types by count for the three habitat types (4B).
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Figure 2-6. Areas for upland (dark shading) and riparian (light shading) vegetation
collected via drone and historic imagery for two time periods, 2009 and 2015.
Measurements were calculated for A) the wash feature and two reference reaches: B)
Spring Canyon and C) Moonshine Wash. The box represents the 25%, median, and 75%.
The whiskers extend to a maximum of 1.5 IQR, and outliers are represented by points.
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2009

2.11%

97.88%

1.85%
24%

2015

74.02%

0.27%
60%

2021
Flow

37.7%
1%

Inundation type

Other

Mean flow at date of imagery

Free flowing

Beaver dam

Overflowing

Valley bottom

Ponded

2009

2015

2021

268cms
cfs
7.6

11.29cms
cfs
0.19

12.25cms
cfs
0.34

Figure 2-7. Riverscape inundation mapping results for imagery collected in 2009, 2015
and 2021. Imagery was collected in the same reach of river for all three years, located
upstream of Cottonwood Wash, and in the wash feature.
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Figure 2-8. Boxplot of percent valley bottom inundation for three time periods: 2009,
2015 and 2021 for the reach upstream of Cottonwood Wash within the wash feature. The
box represents the 25%, median and 75%. The whiskers extend to a maximum of 1.5
IQR.
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Shannon Evenness Index

0.06

0.04

0.02

0.00
2009

2015

2021

Year
Figure 2-9. Shannon Evenness Index values for total inundation area (m2) calculated for
2009, 2015 and 2021 surveys upstream of Cottonwood Wash within the wash feature.
The box represents the 25%, median and 75%. The whiskers extend to a maximum of 1.5
IQR.
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2009
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0

0

0

Large wood

2015

7

7

31

8

Riffle

2021

53

33

281

26

Confluence
Diffluence

Figure 2-10. Map of geomorphic units (e.g., confluences, diffluences, large wood and
riffles) for three time periods: 2009, 2015 and 2021 upstream of Cottonwood Wash
within the wash feature.
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Figure 2-11. Map of vegetation types for three time periods: 2009, 2015 and 2021
upstream of Cottonwood Wash within the wash feature. Vegetation types are split into
riparian and upland.
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CHAPTER 3
EVALUATING THE RESPONSE OF FISHES TO RAPID, LOCALIZED
AND LARGE-SCALE HABITAT DIVERSIFICATION IN AN
EXTREMELY SIMPLIFIED DESERT STREAM2

ABSTRACT
Widespread hydrologic alterations have simplified in-stream habitats in rivers
globally, driving population declines and local extirpations of many native fishes. Herein,
we examine how extreme geomorphic change in a historically degraded desert river has
impacted habitat diversity and habitat use by both native and nonnative species. Due to a
sediment plug introduced by a tributary wash in 2010, a large reach of the degraded and
simplified San Rafael River (UT; hereafter SRR), began to actively change from a singlethread channel to a complex, shallow, multi-thread channel. We combined field
measurements and drone-collected imagery to document changes in habitat diversity due
to this new wash feature. Our results demonstrate the wash feature is more diverse than
any other region along the lower SRR, containing 17% more complex habitat (e.g., pools,
riffles, backwaters) on average than reference reaches, with 70% of the wash feature
comprised of complex geomorphic units. The wash feature is also providing habitat
persistence in the face of drought, retaining water for periods beyond what is expected
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during seasonal drying. Geomorphic complexity has increased by over 641% over the
span of 6 years and, since the formation of the 2010 sediment plug, the total extent of
inundation within the river system has increased by over 2,800%. Having identified that
the wash feature has indeed created complex habitat thought to be preferred by native
fishes, we then monitored movement and habitat use by nonnative species and stocked,
critically endangered bonytail (Gila elegans). Utilizing electivity indices and simulations
of selection, we found that four of seven nonnative species were selecting for novel and
geomorphically-complex ‘boundary’ habitat. We also observed that native, endangered
and stocked bonytail were selecting for these more diverse reaches of habitat that are a
direct result of the wash feature. We aim to inform the conservation, management and
recovery of native fishes and riparian corridors of the Upper Colorado River Basin, as
well as inform the use of tools such as “low-tech” habitat restoration in order to mitigate
the impacts of simplification and increase habitat diversity in the face of water overallocation and worsening climate shifts.

INTRODUCTION
River ecosystems comprise only 0.006% of global freshwater resources; however,
they provide nearly 0.49% of available surface freshwater (Vörösmarty et al. 2010; Döll
et al. 2016). Human population growth, accelerating economic activity, land-use
alteration, water development and climate change have resulted in increasingly altered
flow regimes in freshwater systems, with only 17% of rivers globally occurring as both
free-flowing and within protected areas (Perry et al. 2021). Freshwater ecosystems are
particularly sensitive to anthropogenic disturbances, and these perturbations can be
directly correlated with sharp declines in the ecological integrity of lotic habitat
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(Vörösmarty et al. 2010). These impacts are especially prevalent in the southwestern
United States where an ongoing transition to a more arid climate interacts with an
increasing human appropriation of streamflow (Seager et al. 2007; Sabo et al. 2010),
leading to habitat fragmentation and increased intermittency, conversion of lotic to lentic
habitat, variable flow and thermal regimes, degraded water quality, altered sediment
transport processes and changes in the timing and duration of floodplain inundation
(Laub et al. 2018; Pennock et al. 2022). In the U.S. desert southwest, reduction in the
duration and magnitude of seasonal flows has induced a shift from wide, multithreaded
and diverse lentic systems to a meandering single-thread river. A reduction in seasonal
floods has also led to decreased channel width, caused valley alluviation and has
regularly been accompanied by changes in riparian vegetation communities, which
frequently favor nonnative taxa that often contribute to degradation (Vörösmarty et al.
2010; Fortney et al. 2011; Pennock et al. 2022). Changes such as these have been shown
to induce a shift in community composition and function, with freshwater biodiversity
being particularly sensitive to anthropogenic disturbances, and resources increasingly
being funneled into the management and restoration of desert river ecosystems (Dudgeon
et al. 2006).
The Colorado River Basin (CRB), located primarily in southwestern North
America, is especially emblematic of these changes. The headwaters of the CRB lie in the
Rocky Mountains of Wyoming and Colorado, draining what is a predominantly semi-arid
region that experiences an average precipitation of only 40 cm/year (Van Steeter and
Pitlick 1998). This riverine system has a hydrograph dominated by spring flooding,
receiving 85% of its annual flow from melting snowpack from the upper basin (Barnett
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and Pierce 2009; Fortney et al. 2011). Drought and climate warming, in addition to other
long-term climate variations, have already begun to affect the snowpack and runoff
conditions in the Colorado River watershed. These effects, in addition to growth in both
municipal and industrial water demands and intensified groundwater depletion, have
increasingly degraded both in-channel and riparian habitat, as well as water quality
within the CRB (Stromberg et al. 2007; Balian et al. 2008; Fortney et al. 2011).
Due in part to these impacts, an estimated 30% of desert fishes in the United
States are considered vulnerable, imperiled, critically imperiled or presumed extinct
(Master et al. 1998; Jelks et al. 2008). The upper CRB supports a native ichthyofauna of
fourteen species or subspecies of which eight (57%) are endemic (Valdez and Muth
2005; Laub et al. 2015). Many of these fishes have declined in range and abundance since
the early 1900s (Carlson and Muth 1989), and five of these fourteen species are
considered federally endangered: Colorado pikeminnow (Ptychocheilus lucius),
humpback chub (Gila cypha), bonytail (Gila elegans), razorback sucker (Xyrauchen
texanus) and the Kendall Warm Springs dace (Rhinichthys osculus thermalis; Valdez and
Muth 2005). Many of the remainder are considered imperiled to some degree, and
attempts are ongoing to protect and restore these species under various state or rangewide
multi-agency partnerships (e.g., Range-wide Conservation Agreement and Strategy for
Rountail Chub Gila robusta, Bluehead Sucker Catostomus discobolus and Flannelmouth
Sucker Catostomus latipinnis; UDWR 2006) where effort is frequently concentrated on
the protection and restoration of crucial spawning, feeding, resting and rearing habitat.
Tributaries to the Green and Colorado river sub-basins of the CRB have been
historically important for the persistence of native fishes and are vital to the health and
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recovery of discrete populations of endangered species (Tyus and Saunders 2001). Small
tributary systems, in particular those of the Colorado and Green Rivers, can act as a
source of immigrants for depleted populations, and are likely important for the
maintenance of genetic and life history diversity (Bottcher et al. 2013; Fraser et al. 2017;
Laub et al. 2018). Tributaries also offer unique opportunities for management and
restoration efforts as they are often not categorized as critical habitat, some receive little
recreational or exploitative use, many occur on abundant public lands and in general
create few potential conflicts among stakeholders (Laub et al. 2018).
Historically, native and endemic species were widely distributed and abundant in
the tributaries of the Green River (McAda et al. 1980; Bottcher 2009; Walsworth 2011).
Endangered species, including the Colorado pikeminnow, humpback chub, razorback
sucker and bonytail, spend much of their life cycle in large rivers (e.g., Green and
Colorado Rivers), but have also been known to use smaller tributaries for spawning and
rearing (Bezzerides and Bestgen 2002; Bestgen et al. 2002). The reduced abundance and
distribution of endangered fishes in large sections of many of these tributaries has been
attributed to a suite of factors, including competition and predation from nonnative fish,
large-scale dewatering, low productivity, increased water temperatures and a lack of
complex habitat, including riffles, pools and backwaters (Bottcher 2009; Keller et al.
2014; Budy et al. 2015; Chapter 3).
The San Rafael River (SRR), a tributary of the Green River in the Upper CRB, is
representative of many desert river systems, in that an altered flow regime, fish passage
barriers, degraded habitat and nonnative fish and vegetation have combined to
synergistically alter ecosystem processes and threaten the persistence of native
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communities (Macfarlane et al. 2017; Olden and Poff 2005; Stromberg et al. 2007).
Previous studies have identified that the SRR harbors populations of sensitive fish species
with seasonal usage by endangered fishes (Bottcher 2009; Walsworth 2011; Walsworth
and Budy 2015); however, anthropogenic impacts have collectively altered habitat for
native and endemic fishes, significantly reducing the quality and availability of spawning,
feeding, resting and rearing habitat necessary for their persistence (Bottcher et al. 2013;
Walsworth et al. 2013).
In 2010, a large reach upstream of the confluence with Cottonwood Wash began
to undergo extreme, natural geomorphic change due to the input of a sediment plug from
a tributary wash (Lyster 2018). The plug impacted the surrounding riverscape, forcing the
river to cut new channels across the floodplain, and resulting in an extensive area of
shallow, diverse habitat in the midst of an otherwise extremely simplified and degraded
riverscape. The effects of this event, which have persisted and continue to increase in
spatial extent, are far greater than the effects of localized restoration actions taken to date
(see Chapter 1). As such, the objective of our study was to assess how fishes are
responding to this new and novel reach of habitat relative to a background of historically
degraded and homogenous riverscape. Ultimately, understanding how dramatically this
system has changed and documenting how fish use this reach of river could provide
insight for the production, enhancement or maintenance of similar complex habitat for
native and endemic fishes in this system and similarly degraded desert tributaries.
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MATERIALS AND METHODS
Study Area
Habitat degradation and changes in channel morphology have been much more
pronounced in the lower 64 km of the SRR than in the upper reaches of primarily due to
geomorphic differences, and the lower river is often dewatered during the summer
(Walsworth and Budy 2015). Additionally, the lower 64 km of the river is separated from
the rest of the SRR by a water diversion dam on Hatt’s Ranch preventing upstream fish
movement (Keller et al. 2014). Previous studies have found this barrier separates existing
endangered species into effectively distinct sub-populations in this river, which appear to
be controlled by source-sink dynamics whereby populations upstream act as sources to
the downstream sink population (Bottcher 2009; Walsworth 2011). The lower river sink
area may also be re-colonized by immigrants from the Green River mainstem.
The creation and evolution of the Cottonwood Wash feature (hereafter ‘wash
feature’; Figure 1) follows a series of discrete events, starting with a July 2010 rain event
that coincided with low flows and a reduced sediment transport capacity in the SRR.
Sediment was flushed down the Cottonwood Wash and deposited in the channel, creating
a sediment plug at the wash confluence and bringing water levels to above floodplain
elevation. Soils stabilized by the root masses of nonnative vegetation, like tamarisk
(Tamarix spp.), helped to maintain water surface levels and prevented the upstream
migration of channel headcuts. It is believed that the increased frequency of woody debris
jams observed in aerial imagery have helped the wash feature persist and have coincided
with the rapid upstream migration of the transition point, averaging 1.5 km of upstream
migration per year (Lyster 2018).
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Reach Selection
We selected six 300 m sample reaches as representative of a) the historically
degraded ‘reference’ habitat found in the lower SRR, b) boundary habitat located along
the edges of the wash feature and c) habitat located within the wash feature (Table 1;
Figure 1). Of the six reaches, two each represented the three habitat types. For our
reference reaches, we attempted to prioritize selection of reaches outside of the wash
feature with narrow, deep, homogenous channels; however, we were limited by access.
Consequently, several of our reference reaches demonstrated more complex habitat than
is thought to be available across the entire lower river (Fortney et al. 2011; Walsworth et
al 2013).

Habitat Assessment
We measured mesohabitat composition April through July of 2020 by estimating
the area of geomorphic units within each reach (e.g., pools, backwaters, riffles and large
wood accumulation) and calculating the percent-area of each type. Complex habitat was
determined by a combination of 1) the number of geomorphic units present in a reach and
2) their spatial coverage or proportion. In addition to habitat composition mapping, in
each reach we examined substrate composition by conducting pebble count surveys
(Potyondy and Hardy 1994). For each 300 m reach, we collected 20 substrate samples at
30 m intervals along a cross-channel transect for a total of 200 samples per reach. We
estimated reach area by taking the total length of the reach and multiplying it by the mean
of five wetted-width measurements. We took depth and flow measurements (cms) at the
top, middle and base of each reach. We measured water temperature at 1-hour intervals in
all study reaches, April through October using Onset HOBO Pendant® temperature
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loggers (model no. UA-002-08). When localized seasonal drying occurred, we moved the
temperature loggers from these reaches into similar (e.g., depth, velocity, cover) wetted
habitat. We also measured temperature, specific conductance (μS/cm) and DO (mg/L) in
each reach with a YSI© ProSolo Digital Water Quality Meter (YSI Inc.©).
We measured large-scale habitat composition through the use of ArcGIS and
aerial imagery. We collected aerial imagery in September of 2021 by a drone over a
series of four flights (DJI Mavic 2 Pro; Hasselblad L1D-20c camera) at flight heights
ranging from 300 to 350 m at 20 mph. We measured flows at USGS gauge #09328500
near Green River, Utah, and collected UAV imagery at a maximum of 0.40 and a
minimum of 0.30 cms. Historic imagery flows were a maximum of 8.10 and a minimum
of 7.14 cms for 2009, and a maximum of 0.26 and a minimum of 0.12 cms for 2015
utilizing the same gauge.
We post-processed imagery in DroneDeploy (DroneDeploy©) to produce 2 cm
resolution orthomosaic images (e.g., Carbonneau et al. 2020; Oakland 2020). We also
used historic imagery from Google Earth (Maxar Technologies, State of Utah,
USDA/FPAC/GEO; ~0.15m resolution) to capture conditions prior to 2021. We then
utilized ArcGIS to take coarse scale measurements of habitat change, focusing on
patterns of inundation and metrics of habitat diversity (riffles, large woody debris
structures, confluences and diffluences). We broke inundation patterns into three types
three types utilizing modified methods from the Riverscape Inundation Mapper tool
(RIM; Bartelt 2021). These inundation types were as follows: 1) free-flowing – not
obstructed by river channel or by a channel-spanning structural element, 2) overflow –
flow that is spilling over active channel boundaries and onto the floodplain or otherwise
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exposed in channel surfaces (e.g., bars, benches and/or ledges) and 3) ponded –
structurally forced backwater creating a pond or pool upstream of a channel-spanning
structural element (e.g., a beaver dam).

Fish Sampling
We sampled fish through single-pass canoe electroshocking May through July of
2020 (Smith-Root© GPP 7.5 Electrofisher). One pass was completed per reach in the
summer of 2020, with the exception of one wash habitat reach which experienced drying
early in the season. We also sampled each reach passively three times through the use of
minnow traps and hoop nets. We set minnow traps and hoop nets in each reach overnight
and prior to electroshocking sampling events. We placed captured fish into in live wells
and trap type and location were recorded. For both electroshocking and passive-trapping,
we identified fish to species and collected weight and length measurements. Due to
extreme drought and seasonal drying in combination with over-allocation in both 2020
and 2021, we conducted fish sampling for only one field season (2020).
Endangered, native bonytail were stocked in April of 2020 and 2021 by the Utah
Division of Fish and Wildlife. 3,545 fish were introduced to the system in 2020 and 3,725
in 2021. Each hatchery-reared fish was implanted with a uniquely coded 12 mm passive
integrated transponder (PIT) tag (Model APT12, Biomark©) prior to release. We
monitored movement and habitat use by the stocked bonytail through the use of both
temporary submersible “wagon wheel” PIT tag antennas and permanently installed
passive integration arrays (PIAs). Permanently installed antennae were located at three
sites along the lower SRR, and temporary submersible antennas were deployed in
reference, boundary and wash sites for both 2020 and 2021. We deployed temporary

69
submersible antennas from April to November of each year and refreshed the batteries
approximately every two to three weeks. Due to extreme drought and seasonal drying,
detections for the 2021 stocked bonytail were extremely limited so we chose to focus
solely on the 2020 stocked bonytail in our evaluations of habitat use by this species.
When analyzing these data, detections were limited to only one detection per 24 hour
time period per individual. All other duplicates were removed.

Electivity Indices
To characterize habitat selection by species within the system, we calculated
Ivlev’s (Lechowicz 1982) electivity index for both our field-sampled data and for our
remotely collected PIT tag data. Electivity indices measure the utilization of habitat types
(r) in relation to their abundance or availability in the environment (p). Though we did
capture a small number of bonytail during electroshocking, we removed them from our
analyses in order to focus on nonnative habitat selection. Ivlev’s equation is as follows:
Ivlev’s = E = (ri − pi ) / (ri + pi )
For Ivlev’s electivity index, the index has a possible range of –1 to + 1, with
negative values indicating avoidance or inaccessibility of a habitat type, zero indicating
random selection of a habitat type and positive values indicating active selection (Straus
1979). We calculated electivity values for each species for each habitat type. Utilizing
code developed by the Quantitative Fisheries and Aquatic Ecology Lab at Utah State
University, we then simulated 100,000 random habitat types that were limited to our
‘reference’, ‘wash’ and ‘boundary’ categories (T. Walsworth, Utah State University,
unpublished). We generated a series of random habitat selections for each individual and
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calculated a percentile of observed electivity versus random electivity for each habitat
type, where habitat types falling below the 2.5 electivity percentile exhibited avoidance
and habitats above the 97.5 electivity percentile exhibited active selection. We then used
these percentiles to estimate probability of selection in each habitat type (reference, wash
and boundary) for both field-sampled and remotely collected PIT tag data.

RESULTS
Habitat Analyses
Our field-collected data demonstrated that the wash feature is more
geomorphically diverse than any other reach located along the lower 90 km of the San
Rafael River. Based on riffles, pools, backwaters and large woody debris as metrics of
diversity, we found that wash and boundary habitat collectively contained 17% more
complex habitat on average than our reference reaches (Figure 3). Our boundary habitat
reaches, located on the edge of the expanding wash feature, were the most complex,
containing the greatest diversity of habitat and substrate types when compared to our
wash and reference reaches (Figure 3A). These boundary sites contained >123 m2 of pool
habitat, 149 m2 of riffle habitat, >34 m2 of large woody debris and a very small section (4
m2) of backwater habitat. Additionally, these reaches contained >1100% more pool
habitat than our wash and reference sites. In comparison, the reference reaches we
surveyed contained > 800 (m2) of riffle habitat and only a very small area (< 7 m2) of
large woody debris. Wash reaches contained >123 m2 of pool habitat, 149 m2 of riffle
habitat, >34 m2 of large woody debris and a very small section (4 m2) of backwater
habitat. Based on pebble counts boundary sites were primarily silt and sand substrate,
with 64% of substrate comprised of silt (Figure 3B). Reference sites contained a greater
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diversity of substrate types, with >54% silt substrate, >33% sand, >4% gravel and 7%
boulder. Wash reaches contained only silt substrate.
Based on remotely collected habitat data, the 2010 sediment pulse and
corresponding plug resulted in a 2846.4% increase in inundated area over 11 years,
growing from 0.12 km2 to 3.43 km2 (Figure 4). These inundation values amounted to
62.3% of the valley bottom of the wash feature. Additionally, between 2015 and 2021,
we observed a 700% increase in the number of active channels, changing from ~7 to
more than 53 distinct channels. Geomorphic complexity (e.g., the presence of large
wood, riffles, pools, backwaters, confluences, diffluences, beaver dams) also increased
between 2015 and 2021 by >640% (Figure 5; Table 2)
Field-Sampled Fishes and Habitat Selection
We captured seven species of nonnative fish during sampling in July of 2020:
green sunfish (Lepomis cyanellus), sand shiner (Notropis stramineus), red shiner
(Cyprinella lutrensis), fathead minnow (Pimeohales promelas), channel catfish (Ictalurus
punctatus), black bullhead (Ameirus melas) and common carp (Cyprinus carpio) In total,
we sampled 577 fishes of which 13.4% were green sunfish, 6.8% were red shiner, 39.5%
were sand shiner, 15.4% were fathead minnow, .07% were channel catfish, 3.8% were
black bullhead and 20.4% were common carp. Within our habitat types, 18.9% were
captured in reference reaches, 50.4% were captured in boundary reaches and 30.6% were
captured within the wash feature.
Utilizing our simulations for Ivlev’s electivity index, we found that boundary
habitat fell above the 97.5 electivity percentile, indicating selection for four of our seven
field-sampled nonnative species, two species selected for reference habitat and one
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selected for wash habitat (Figure 6A). Of these same species, wash habitat fell below the
2.5 electivity percentile, indicating selection against, for five of the nonnative species.
Reference habitat was actively selected against by one of the nonnatives. Our data also
demonstrated that the greatest proportion of fishes were selecting for boundary habitat at
around ~62%. A fairly even proportion were selecting both for (~25%) and against
(~25%) reference habitat, and a majority were selecting against wash habitat (~75%;
Figure 6B).

Bonytail Detections and Habitat Selection
Between our PIAs and portable submersible antennae, we redetected 3,254 of the
3,545 fishes stocked into the SRR and observed that 80% of the stocked fish remained in
the system for up to 3 months. By July of 2020, 3% of fishes were continuing to be
detected and, in 2021, we detected only three of the original 3,545 bonytail stocked in
2020. Out of all of our detections, we found that 96% consistently occurred in boundary
habitat, 2% occurred in reference habitat and 2% occurred in wash habitat (Figure 7). Of
the fish stocked into the system, one was detected in the Green River in March of 2020,
and three were detected in the Price River in July of 2020 (STReaMS database; Colorado
Natural Heritage Program).
Our simulations utilizing Ivlev’s electivity index demonstrated that bonytail were
selecting for boundary habitat, with both wash and reference habitats falling below the
2.5 electivity percentile indicating active selection against (Figure 8A). Our data also
demonstrated that all bonytail were proportionally selecting for boundary habitat and
against wash and reference habitats (Figure 8B).
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DISCUSSION
A natural flow regime is well established as being important for the ecological
health of rivers as natural flows, amongst many other roles, are vital for the formation
and maintenance of complex instream habitats (Poff et al. 1997; Palmer and Ruhi 2019;
Pennock et al. 2022). Peak flows play an especially important role in providing complex
habitat through the flushing of fine sediments and by facilitating lateral connections to
the floodplain. Reduction of the magnitude and duration of these flows frequently leads
to the simplification of instream habitat, channel narrowing, the establishment of
nonnative vegetation and a reduced access of the river to its riparian zone and to upland
ecosystems (Gaeuman et al. 2005; Merritt and Poff 2010; Grams et al. 2020). This is
especially prevalent in the desert southwest and, in particular, the Colorado River delta.
Once among North America’s most productive and biologically diverse regions, some
portions of the upper CRB and much of the lower CRB have become or are approaching
more confined and simplified channel morphometry than was observed prior to river
regulation (Pennock et al. 2022). These impacts have become increasingly widespread
across the tributaries of the Colorado River delta, where management and conservation
attention is especially limited (Laub et al. 2018).
Prior to human disturbances, drought and water over-allocation, the SRR likely
functioned effectively as a spawning, rearing, resting and refugia site for the native fishes
of the upper CRB. Wide alluvial valleys with multiple pool-riffle sequences and complex
side-channel/backwater habitats increased the potential for floodwater connectivity and
exchange with the stream channel, as well as offering abundant habitat for native fishes
(Fortney et al. 2011). Due to anthropogenic disturbance and climate shifts, the lower SRR
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has become aggraded and narrow, with a homogenous and straightened channel that is
severely habitat limited when it comes to tributary habitat crucial to native and
endangered species for spawning, rearing and maturation (Walsworth et al. 2013; Budy et
al. 2015). With climate shifts and exacerbated seasonal drying, there’s also a dearth of
thermal refugia for native fishes. With the river frequently going dry during increasingly
hot summers, wetted habitat is crucial for the persistence of fishes through the summer
months. The arrival of the 2010 sediment pulse and corresponding wash feature offered a
unique opportunity to examine how fishes, both native and nonnative, have responded to
an expanded area of inundation and very complex and diverse habitat in an otherwise
simplified and homogenous riverscape.

Habitat Complexity and Selection
Resource selection by animals is often determined by comparing the use of a
particular resource by an animal with its availability in the natural environment. Data on
resource use are relatively simple to obtain and can be quantified using relatively simple
nonbiased procedures (White and Garrot 1990; Torgersen et al. 1999). However,
determination of the resources (e.g., food and habitat) available to a particular individual
is often highly subjective because variable resource types are often heterogeneously
distributed in space and, in our system in particular, access to all habitat patches is
limited (Manly et al. 1993; Walsworth et al. 2011). Resource selection by fishes in
particular occurs across multiple spatial and temporal scales (Schlosser 1991) and can
follow a hierarchy of habitat scales based on the needs of the individual, whether that be
spawning, rearing, resting or refugia (Bayley and Li 1992). For fish that reside in rivers,
disturbance mechanisms like high magnitude and long duration floods are key for
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maintaining a mosaic of habitat types where high-flow events inundate floodplains,
providing a complex mosaic of freshwater habitats that are characterized by their
spatiotemporal heterogeneity and a gradient in hydrological connectivity with the main
channel (Pander et al. 2017; Cordoleani et al. 2022). These permanent and temporary
aquatic habitat mosaics within river floodplains are of high importance for species
richness and productivity in riverine landscapes, providing crucial habitat for various life
cycles (Amoros and Bornette 2002).
Our research addressed the use and availability of stream habitat across different
habitat types (e.g., boundary, reference and wash) by both native and nonnative fishes.
Theoretically, if habitat diversity were the primary determinant of habitat selection, both
native and nonnative fishes would be clustered in these reaches that contain a condensed
‘mosaic’ of habitat types. Determination of what habitat was available to fishes was
problematic because low-flow conditions limited our timeframe for active sampling by
electroshocking and traps in 2020, as well as plausibly prevented the movement of
stocked bonytail between reaches containing suitable habitat. High stream temperatures
during late spring and summer may have also inhibited exploratory behavior.
Additionally, due to the low resight rate observed in stocked bonytail (Mueller et al.
2003; STReaMS database), exacerbated by extreme seasonal drying, data for remote
detections were limited to the April 2020 stocking event.
We considered substrate type as a metric of habitat diversity in our three habitat
types (reference, wash and boundary) based on limited pebble count surveys. We
observed that substrate was, overall, more diverse in reference reaches than in boundary
habitat; however, we want to emphasize that selection of references reaches was
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primarily dependent on access in an otherwise road-limited and incredibly rugged region
of remote south-central Utah. Due to access limitations, our reference reaches had close
proximity to incoming washes, anthropogenic structures, the confluence with the Green
River or a combination of the three, all of which can have significant impacts on substrate
in these desert rivers. These impacts likely had significant effects on channel
morphology, habitat condition and geomorphic complexity, and we suggest that other
reaches of highly degraded river along the lower SRR, where these factors aren’t as
prevalent, would likely experience less diverse substrate types.

Habitat Selection by Bonytail
Though little is known about bonytail due to their widespread extirpation, this
species has been observed in pools and eddies, and it’s likely that they spawn over rocky
substrates similar to other endemic Gila spp. (Vanicek 1967; Bestgen et al. 2008). We
suggest that a lack of selection for wash habitat by bonytail was determined sediment
type and overall geomorphic complexity. Wash habitat was dominated by deep layers of
fine sediment and silt and was colonized by thick stands of emergent vegetation (see
Figure 3). Though there were limited patches of large woody debris, wash habitat was
mainly shallow, slow moving and lacking complex geomorphic units. With observed
habitat preferences of native and endangered bonytail, wash habitat didn’t provide the
complexity that these fishes would traditionally select for. We do believe, however, that
wash habitat would be ideal for the survival and maturation of native larval fish, where
slow-moving runs allow for drift and feeding, and thick vegetation provides refugia from
predation (Tyus 1986; Marsh and Langhorst 1988).
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Since the substrate was relatively diverse in boundary habitat, in combination
with broad geomorphic diversity, selection for boundary reaches by bonytail aligns with
hypothesized habitat preference for the species (Miller 1946; Beckman 1963; Beyers et
al. 2001). The presence of pools within boundary habitat must also be considered, given
that prior studies have identified that the lower 90 km of the SRR is increasingly habitat
limited when it comes to pool habitat (Bottcher 2009; Walsworth 2011). Preference for
pool habitat could be an effective adaptation by bonytail, especially in increasingly flowlimited rivers like the SRR, where pools are often the only form of small-scale thermal
refuge available during summer months (Beyers et al. 2001; Bottcher et al. 2013; Fraser
et al. 2017). In fact, spot sampling that occurred simultaneously with seasonal drying
observed that the only fish remaining for multiple kilometers of the lower SRR were
captured in pools located below habitat features like beaver dam analogs (BDAs), postassisted log structures (PALS) and beaver dams (personal observation, 2021). Given that
boundary reaches of the wash feature were offering some of the only persistent wetted
habitat during extended drought and seasonal drying, in addition to new and novel
geomorphic complexity, it is not surprising that native and endangered species were
selecting for this habitat. If long-duration, high-magnitude flows were to return and flush
fine sediments out of these new and novel boundary habitats, we would expect that these
sites would be largely ideal for the species due to the diversity of habitat types with
emphasis on the presence of otherwise highly limited pool habitat.

Habitat Selection by Nonnative Fishes and Nonnative Control
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We observed that of the species we physically sampled, the greatest proportion
selected for this more complex boundary habitat formed through development of the
wash feature. This proportional selection was confirmed by our electivity index
simulations, which showed that the majority (57%) of nonnative species were selecting
for the more geomorphically diverse boundary habitat. The species that specifically
selected for boundary habitat were black bullhead, sand shiner, fathead minnow and
green sunfish. All of these species are considered nonnative in the southwestern United
States, and populations are well established (Tyus and Saunders 2000; Olden and Poff
2005; Ruhi et al 2016). A common trend among these species in terms of habitat
selection is the preference for slow moving, sandy or fine sediment streams, ponds or
lakes. Fathead minnow and green sunfish are particularly adaptable as both habitat and
feeding generalists which has been a major contributor to their success as invasive
species in the desert southwest as well as in other regions (Clarkson et al. 2005; Franssen
et al. 2014). These species’ preference for boundary habitat is not surprising, as our
boundary sites offer a wealth of diverse habitat for spawning, rearing and maturation.
Similarly, with wash habitat dominated by fine sediments, the abundance of species like
common carp is also not particularly surprising (Penne and Pierce 2008).
In the CRB, it’s been well established that physical habitat degradation has aided
in the establishment and dispersal of invasive species (Marvier et al. 2004). In addition,
impacts by nonnative fishes have been suggested to be strongest at times of low flow
(Pilger et al. 2010), a nearly perpetual state in degraded desert rivers (Walsworth et al.
2013). We find that it’s reasonable, then, to assume that any increase in habitat
complexity will only serve to further establish nonnative fishes in these degraded
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systems. Results confirming that nonnative fishes are also using the complex habitat
created by the wash feature therefore raise the question of whether the benefits of
creating further complex habitat outweigh the risks of nonnative persistence unless there
are efforts put towards nonnative control or eradication. Previous attempts at nonnative
eradication in desert river systems, though successful, have been incredibly time
consuming and costly, and with conservation and management attention already limited
in desert river tributaries, attempts at eradication and control could be a long time coming
(Tyus and Saunders 2000; Olden et al. 2006; Coggins and Michael 2011).
With this in mind, we argue that though nonnative eradication is increasingly
important, populations of imperiled species have been observed to persist given that their
recruitment is balanced with mortality (e.g., there is a source habitat capable of supplying
colonizers to the sink habitat; Walsworth et al. 2013). Since the lower SRR is so
incredibly habitat limited, any complex habitat can be seen as a boon to native species,
especially in the form of spawning, rearing and maturation habitat. Given the number of
complex geomorphic units concentrated in the boundary habitat of the wash feature, as
well as the larval habitat available within wash habitat, we propose that enough refugia is
available to native fishes at multiple life stages to limit some of the costs of competition
with nonnative fishes; however, we do suggest that nonnative control within the lower
SRR become a higher priority for existing and future management and restoration plans.
If populations of nonnative fishes were successfully limited in the lower SRR and within
the wash feature, we have good reason the believe that the expanding wash feature could
become a highly valuable source habitat for the sink populations of native fishes along
the lower SRR and within other desert river tributaries.
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Restoration Potential
Connectivity among system components in aquatic and terrestrial ecosystems is
considered necessary for maintaining long-term ecological health of many biota (Naiman
et al. 1992, Taylor et al. 1993; Torgersen et al. 1999). However, it is heterogeneity in the
physiogeographical template of a river that creates refuge patches, which are also vital
components of long-term ecological health (Sedell et al. 1990). Our study highlights the
importance of habitat mosaics in degraded desert river systems, where our simulations
utilizing Ivlev’s electivity index indicate both native and nonnative fishes are
proportionally selecting for new and novel geomorphically diverse boundary habitat.
These diverse resource patches in the SRR resulting from the wash feature could be
viewed as expressions of restoration potential and, in particular, an opportunity for
process-based restoration. Process-based restoration focuses on correcting anthropogenic
disruptions to natural ecological processes such as sediment transport, nutrient cycling,
water retention and successional growth of native vegetation, allowing the system to
respond to future perturbations through natural physical and biological adjustments
(Beechie et al. 2010).
Our results support diversification of degraded systems through the
implementation of relatively low-tech but effective restoration actions, such as BDAs and
PALS, that assist in the creation and maintenance of a dynamic mosaic of varying habitat
condition that includes thermal refugia, spawning and rearing habitat, and habitat
persistence in the face of exacerbated seasonal drying as well as nuisance beaver
translocation to maintain and expand upon those structures (Pollock et al. 2014; Bouwes
et al 2016; Doden 2021). These actions have already proven effective in small sections of
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the SRR, where limited installation of BDAs and nonnative vegetation removal have
resulted in changes to bed elevation, water depth and overall geomorphic change in the
form of impacts to channel morphology (Shahverdian et al. 2017). Additionally, as we
observed, structures like BDAs and PALS often create pools which are the only persistent
wetted habitat during seasonal drying. If these actions were expanded, there is potential
to mimic the natural impacts of the wash feature on a larger scale in other reaches of the
SRR, as well as in other degraded desert tributaries.

Management Implications
Our study benefits future management strategies for desert river restoration and
native species conservation by studying imperiled fish response to extreme geomorphic
change and increased habitat complexity. Many of the restoration efforts on the SRR
have focused on habitat improvements (i.e., manual removal of tamarisk stands,
construction of beaver dam analogs and other woody structures), and the results of this
study offer further context for restoration projects that utilize PALS, BDAs and beaver
reintroduction to create diverse habitat with multiple inundation types. Characterizing
complex habitat usage in the lower SRR supports efforts for both short- and long-term
effective restoration and habitat enhancement projects of both the ecosystem and to
benefit native fish populations. Likewise, examining the distribution and habitat use of
native and nonnative species within the wash feature offers further information on native
and nonnative cohabitation in complex habitats (Bottcher 2009; Anderson et al. 2019).
Anthropogenic alterations of freshwater ecosystems often result in physical (e.g.,
dams, channelization, hydrograph alteration), chemical (e.g., pollution, nutrient loading)
and biological (e.g., invasive species) degradation of natural habitats. As research
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increasingly confirms the negative effects of anthropogenic alterations on native
biodiversity (e.g., Walsworth et al. 2013; Bottcher et al. 2013; Pennock et al. 2018),
management agencies have used habitat restoration as a strategy for rebuilding and
maintaining populations of native species. Our research, as part of growing field of
restoration ecology, contributes to a greater understanding of how a severely altered
hydrograph can act as a habitat-based limiting factor for imperiled desert fishes. As part
of a greater effort to evaluate and implement innovative and adaptive desert river
restoration (Laub et al. 2013; Laub et al. 2020; Pennock et al. 2022), our study informs
conservation and recovery efforts targeting imperiled and endemic fish species and
riparian corridors in desert tributaries of the upper Colorado River Basin.
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TABLES AND FIGURES
Table 3-1. A description of our six pilot study reaches characterized by habitat type.
Habitat type

Length (m)

Description

Boundary
300

Bordering on the wash feature, characterized by a
deep, narrow channel with a high percentage of
pool-riffle sequences.

300

Characterized by a large, naturally occurring
sandbar and island at its base and a deep, incised
channel along the remainder. Contained a high
percentage of woody structure and pools formed
through beaver activity.

Chaffin PIA

300

Characterized by a wide, shallow channel with
some riffle habitat. There were a number of
naturally occurring sandbars along this reach.

Chaffin Bridge

300

Characterized by a deep, narrow channel with
shallow depths and a high percentage of riffle
habitat.

Highway 24

Cottonwood PIA

Reference

Wash

Frenchman’s Ranch

Central Wash

300

200

Characterized by a number of highly vegetated,
braided channels that were consistently shallow
(<80cm) with one deep pool (>125cm).
Length limited by dense vegetation. Contained two
distinct channels and 3 small islands, and is
shallow along much of its length, though one
channel contained two deeper pools (>80cm).
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Table 3-2. Results of the remotely collected habitat data for the wash feature in 2009
(pre-feature), 2015 and 2021.
Description

Year
2009

2015

2021

max

8.10

0.26

0.4

min

7.14

0.12

0.3

Flow at date of imagery (cms)

Valley bottom length (km)
7.36
Valley bottom width (km)
mean

0.78

min

0.55

max
Valley bottom area

1.37
(km2)
5.5

Geomorphic unit count
confluences

0

7

53

diffluences

0

7

33

channels

0

8

56

riffles

0

8

26

beaver dams

0

0

6

large woody debris

0

31

281

0.12

1.43

3.43

2.1

26

62.3

Total inundated area (km2)
% valley bottom inundation
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Figure 3-1. Map of the lower San Rafael River and the study area region showing the
wash feature as well as the sampled reaches: reference, boundary and wash. The
Colorado River and Green River are highlighted on the subset map.
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Wash Habitat

Boundary Habitat

Large wood

Coarse, sandy substrate

Fine, silty substrate
Wide, shallow channel

Variable depths
Variable width channel

Emergent
vegetation

Backwaters
Large wood
Multiple age class
Cottonwood stands

Riffles

Pools

Riffles

Figure 3-2. A conceptual diagram demonstrating the differences between wash (left) and
boundary (right) habitat at the edges of the wash feature.
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Figure 3-3. Proportion of geomorphic units within each habitat type as a metric of
habitat diversity (3a) and substrate types by count for the three habitat types (3b).
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Figure 3-4. Map of inundation types (e.g., free-flowing, overflowing and ponded) and
valley bottom extent in the wash feature for three time periods: 2009, 2015 and 2021.
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Figure 3-5. Map of geomorphic units (e.g., confluences, diffluences, large wood and
riffles) and river channels in the wash feature for three time periods: 2009, 2015 and
2021.
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A

B

Figure 3-6. Electivity percentiles for Ivlev’s electivity index for nonnative species
(common carp [cc], channel catfish [ccf], fathead minnow [fhm], sand shiner [ss], red
shiner [rs], black bullhead [bbh] and green sunfish [gs]) that were sampled during our
2020 pilot season. The lower line represents the 2.5% CI while the upper line represents
the 97.5% CI. Habitat types located below the 2.5% CI indicate active avoidance by the
given species, while habitats located above the 97.5% CI indicate active selection (6a).
Proportion of all nonnative species selecting for three habitat types: wash, reference and
boundary based on electivity values (6b).
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Figure 3-7. Detections of stocked bonytail by year, month, antenna type and habitat
type.
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A

B

Figure 3-8. Electivity percentiles for Ivlev’s electivity index for PIT-tagged, remotely
detected bonytail. The lower line represents the 2.5% CI while the upper line represents
the 97.5% CI. Habitat types located below the 2.5% CI indicate active avoidance by
individuals, while habitats located above the 97.5% CI indicate active selection (8a).
Proportion of all individuals selecting for three habitat types: wash, reference and
boundary based on electivity values (8b).
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CHAPTER 4
CONCLUSIONS

A diverse array of factors have contributed to the global decline of native and
endemic icthyofauna, making the identification, protection and restoration of critical
habitat inceasingly important as climate shifts and ecosystem degradation place further
pressure on sensitive populations. In the Colorado River Basin, abiotic factors like
overallocation, habitat homogenization and exacerbated drying have long been implicated
in the declines of native fish populations. The San Rafael River, a tributary to the Green
River in the Upper Colorado River Basin, has experienced extensive degradation both in
physical habitat and in biotic community structure; however, naturally-occuring extreme
geomorphic change has offered an novel opportunity to examine how large-scale
disturbance could impact habitat for sensitive fish populations in a positive manner. Our
study provides insight into how extreme geomorphic change in a historically degraded
desert river tributary has created new and novel habitat for critically endangered fish
species and contributed to localized ecosystem persistence. Our research offers a strong
base of evidence that large-scale and high disturbance natural and restoration actions in
degraded, desert tributary systems can create and maintain complex habitat for imperiled
fish species.
We were able to observe significant changes in ecosystem composition and
diversity as a direct result of the 2010 sediment pulse and corresponding plug though the
use of drone-collected and historic orthomosaic imagery. Likewise, though much of the
river dried early in the season, affecting our ability to use data from the 2021 cohort of
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stocked bonytail, we observed significant complex habitat usage by the 3,545 bonytail
stocked into the system in 2020.
The first objective of this thesis was to understand how extreme geomorphic
change led to the creation of fish habitat and localized ecosystem persistence. We found
the wash feature contains abundant geomorphically complex habitat absent prior to the
development of the wash feature and novel within the lower 90 km of the San Rafael
River, and this complex habitat has been expanding upstream since its arrival in 2010.
We observed an overall increase in both inundated area and riparian vegetation over time,
which suggests the capacity of this reach of river to retain water during extended periods
of drought has improved considerably since the development of the wash feature. Most
significantly, we observed that during exacerbated seasonal drying, the wash feature
contained some of the only wetted habitat available in the lower San Rafael River,
offering crucial refugia for native fishes.
Our second objective aimed to examine how critically-endangered native fish
have responded to the creation of new and novel habitat against a background of
otherwise extremely degraded and simplified habitat (Chapter 3). The results of these
analyses show that both nonnative and native bonytail proportionally selected for the
more geomorpically complex ‘boundary’ habitat. Though nonnative species were part of
these observations, it is notable that, in an extremely habitat limited system, criticallyenangered bonytail were locating and actively selecting for the new and novel complex
habitat formed as a direct result of the creation and expansion of the wash feature. These
results suggests the presence of any complex habitat with the highly degraded San Rafael
River serves as crucial refugia for native fishes. This pattern is especially significant in
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boundary habitat, where we found some of the only wetted areas within the lower San
Rafael River during summer months, and where the pools that characterize this habitat
type were the only places where bonytail were captured during this period.
The impacts of the Western megadrought are predicted to worsen current lowflow conditions in the Colorado River Basin (Udall and Overpeck 2017; Salehabadi et al.
2022), leading to additional degradation and fragmentation of suitable habitat for the
endemic and endangered ichthyofauna of the Basin (Healy et al. 2020; Pennock et al.
2020). Therefore, restoration of desert river tributaries and the creation of habitat similar
to what we observed in our boundary sites could be crucial to ensure the survival and
persistence of discrete populations of native fishes. Though the creation of any complex
habitat in these homogenous river systems can be considered a benefit for native fishes,
small-scale restoration actions have been observed to have marginal impacts on habitat in
desert river tributaries like the San Rafael River (Keller et al. 2014). There is a pressing
need for larger and more complex restoration actions in order to ensure native species
have the best chance at survival. We propose mimicking the sediment plug observed
upstream of the Cottonwood Wash in other reaches of the San Rafael River and in other
desert river tributaries. Our findings of highly complex habitat as a direct result of the
wash feature provide ample evidence that small-scale restoration actions may not be
enough, and that large-scale, high disturbance and process-based restoration actions may
be the solution when faced with the decline of the highly unique and at-risk fishes of the
Colorado River Basin.
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